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ABSTRACT
Biofuels have been widely recognized as a potential renewable energy source that can
lessen the United States’ dependence on imported petroleum and enhance the domestic economy.
Particularly, biofuels derived from lignocellulosic biomass (LCB) have been the focus in the
development of a sustainable biofuels industry. However, technical barriers in the LCB feedstock
supply chain have been one of the major challenges impeding the economic viability of this
industry. To expedite the commercialization process of LCB-based biofuels production, this
paper employed a spatial mixed-integer mathematical model to explore the optimal biomass
logistic system for a switchgrass-based biofuels biorefinery in East Tennessee.
The evaluated logistic systems in this study included five conventional systems (one
round bale system, one square bale system, and three mixed bale systems) in the baseline
scenario and one stretch-wrap bale system in the preprocessing scenario. Results showed that the
stretch-wrap bale system could potentially reduce total logistic cost of switchgrass by 12 to 21%
compared that of the conventional systems. Also, the result of the optimal case in the
conventional systems suggested that the mixed bale system without storage protection is most
economical after taking into account the dry matter loss during storage.
This study also provided information regarding the optimal location of a biorefinery, a
switchgrass production plan, monthly harvested and delivered tonnage, and the draw area of
switchgrass under each logistic system. The optimal location of a commercial-scale biorefinery
was identified to be located in the northwest of Monroe County, a location close to the
demonstration plant in Venore, Tennessee. Additionally, this study showed that the percentage of
available hay land used for switchgrass production, the switchgrass-ethanol conversion rate, the
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energy prices, and the storage dry matter loss of compact switchgrass bale produce significant
impacts on the total logistic cost of switchgrass for the biorefinery.
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CHAPTER 1

INTRODUCTION

Recent debates about the dependence of the United States on fossil fuels and the
environmental issues associated with their use have stimulated exploration for self-sufficient and
environmentally friendly energy sources. Biofuels have been widely recognized as a renewable
substitute for petroleum, and the accordingly awareness of their benefits to lessen dependence on
foreign petroleum and enhance the domestic economy of the United States is rapidly increasing
(Antizar-Ladislao and Turrion-Gomez 2008). While the majority of current biofuels production
is generated from field crops such as sugar cane, corn, sorghum, and oilseeds, second generation
biofuels derived from lignocellulosic biomass (LCB) feedstocks, e.g. switchgrass, corn stover,
and woody residues, have received growing attention recently and are considered to be the future
of the biofuels industry (Samson et al. 2005). The growing interest in the second generation
biofuels rests chiefly on the higher potential yield per acre of biofuels from LCB feedstock than
traditional field crops (Popp and Hogan 2007). In addition, LCB feedstock has the advantages of
less inputs, higher potential production in commercial scale, and lower greenhouse gas (GHG)
emissions during utilization over the traditional field crops for biofuel production (AntizarLadislao and Turrion-Gomez 2008; Gronowska et al. 2009). Most importantly, the LCB
feedstock is not used for food or feed, and it can be planted on marginal agricultural land which
might be unsuitable for other crops, thus lessening the possible conflicts between land use for
food and crop-based fuels (English et al. 2008).
From economic and social standpoints, facilitating the LCB-based biofuels industry can
significantly contribute to economic gains, employment creation, and reduction in dependency
on imported oil. De La Torre Ugarte et al. (2007) estimated that as much as 229 billion liters
(around 60.5 billion gallons) of ethanol could be derived from LCB feedstock annually in the
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United States by the year 2030, injecting $360 billion of cumulative economic gains, creating 2.4
million new jobs, and reducing petroleum imports by $629 billion between 2007 and 2030.
Switchgrass is recognized as a high potential biomass feedstock in East Tennessee because of the
considerable amount of marginal crop land as well as abundant sunshine and rainfall (Wang
2009). Also, the commercial implementation of University of Tennessee Biofuels Initiative
(UTBI) model is predicted to produce 4,000 new jobs in rural Tennessee counties, $100
million in new farm revenue annually, and $400 million in new state and local taxes annually
(Office of Bioenergy Programs 2007).
As one of the leading countries in biofuels development, the United States has been
promoting expansion of second generation biofuels through legislative initiative and other
programs. For example, Section 223 of The Energy Independence and Security Act of 2007
(EISA), developed by the U.S. Environmental Protection Agency (EPA), authorized $25 million
each year from 2008 through 2010 for biofuels production research and development in states
with low rates of ethanol production, including LCB-based ethanol (U.S. Congress 2007).
Additionally, the Renewable Fuel Standard1 (RFS1) under Section 202 of EISA 2007 required
0.5 billion gallons of cellulosic biofuels to be sold or introduced into commerce in 2012, with the
volume for 2022 set at 16 billion gallons (U.S. Congress 2007). Regionally, several states have
created various incentive programs to develop local LCB-based biofuels industry. For example,
the Iowa Switchgrass Project has been working to develop markets for switchgrass as an
alternative energy crop in southern Iowa since 1996 (Duffy and Nanhou 2002). In Tennessee,
UTBI is designed to develop an appropriate farm-to-fuel business plan for biorefineries in
Tennessee (Office of Bioenergy Programs 2007). The Switchgrass Farmer Incentive Program
under UTBI is coordinated through the Office of Bioenergy Programs at the University of
2

Tennessee. It pays enrolled farmers a rate of $450 per acre per year to grow switchgrass for a
three-year term and assists the farmers with technical support and a supply of high quality
switchgrass seed (Wilson 2008).
Although federal and state governments have provided various policy supports and
incentives, LCB-based biofuels are not yet produced on a commercial-scale. Because of the
current low production capacity of LCB-based biofuels, the EPA has lowered the mandate of
cellulosic biofuels three years in a row since 2010. In the Renewable Fuel Standard 2 (RFS2)
proposed in June 2011, the mandate of cellulosic ethanol for 2012 is revised down to 3.55–15.7
million gallons from the original goal of 500 million gallons in EISA 2007 (U.S. EPA 2011).
Therefore, accelerating the commercialization of LCB-based biofuels in the U.S. is crucial to
meet the RFS2 annual mandates and its long-term goal of 16 billion gallons of cellulosic biofuels
by 2022.
At present, there are various technical barriers that prevent the commercial-scale
production of LCB-based biofuels. For example, because LCB feedstock is extremely difficult to
break down, LCB currently requires more advanced conversion technologies and higher energy
consumption for conversion to ethanol than do conventional field crops (Gronowska et al. 2009).
The logistics of LCB feedstock is another significant barrier to the successful establishment of a
commercial-scale cellulosic biofuels and products industry towing to certain challenges of
storing and transporting the bulky LCB feedstock, including:
(1) Relatively high harvest and transportation costs. Due to the bulky nature of LCB
feedstock, the costs to produce, harvest, store, and deliver LCB feedstock are relatively high.
Duffy and Nanhou (2002) calculated the cost of producing switchgrass for biofuels in southern
Iowa and found that annual harvest cost ($256.06 per hectare) accounts for 50% of the total
3

annual production cost over a ten-year period. Subsequently, Yu et al. (2011) found that a
stretch-wrap bale technology could effectively reduce the size of switchgrass feedstock and
lower its delivered cost to a biorefinery by 22% to 26% compared to conventional hay systems.
Furthermore, Vadas et al. (2008) found that the energy use associated with truck transportation
was 866 Megajoule per hectare (MJ/ha) for corn without stover, 1901 MJ/ha for corn with stover,
and 1962 MJ/ha for switchgrass based on the average yields of 2000 to 2005 in Wisconsin.
Therefore, the transportation cost of delivering switchgrass per unit is much higher than corn or
other biomass feedstocks (e.g., corn stover).
(2) Dry matter losses. Given that the current harvest method of LCB feedstock still relies
on traditional hay equipment, the harvested and baled LCB feedstock experiences dry matter loss
during storage. The outdoor storage of LCB feedstock with or without protection is less
expensive than indoor storage but increases dry matter loss during storage, which reduces
quantity and quality of biomass and increases logistic cost. The dry matter loss issue is
particularly crucial in humid regions such as Tennessee, where high precipitation generally
occurs in the winter and spring. Based on an experiment by English et al. (2008) at the Milan
Research and Education Center (MREC) in Tennessee, Larson et al. (2010a) found that storage
dry matter loss increases the delivered cost of switchgrass to a biorefinery. They measured dry
matter loss of switchgrass during storage at 2.9 percent for 30 days of storage for large round
bales (5’×4’) without any storage protection. This figure increased to 8.3 percent for 120 days of
storage and peaked at 11.5 percent for 240 days of storage. Based on alternative level of storage
dry matter loss, the delivered costs of switchgrass stored for 30 days, 120 days and 240 days
were $80.22, $84.26 and $86.90 per dry ton, respectively, while keeping all other parameters
constant.
4

Clearly, a well-designed biomass logistic system will enhance the efficiency of feedstock
supply logistics and consequently improve the economic feasibility of the biofuel industry (Yu et
al. 2011). A cost-competitive LCB-based value chain is important to local rural economic
development and social stability (De La Torre Ugarte et al. 2007), especially for a state with
good potential for second generation biofuel development such as Tennessee. One possible
approach to reducing storage and transportation costs of LCB feedstock is the addition of a
preprocessing step after harvest. Preprocessing can be used to convert low-density feedstock into
compacted intermediate products that require less storage and transportation cost. However, a
preprocessing step in the LCB feedstock supply chain creates additional capital and energy costs
(Uslu et al. 2008); thus, the economic efficiency of preprocessing treatment for LCB feedstock is
still uncertain. Exploring the costs and benefits of adopting preprocessing facilities in the LCB
feedstock supply chain for biofuel is a research area deserving more attention in the effort to
achieve a successful second generation biofuels program.
Because of the significance of the biofuels program in Tennessee and the potential for
cellulosic ethanol in the state, this study focuses on the design of an optimal delivery schedule of
switchgrass feedstock for a commercial-scale biorefinery located in East Tennessee. The general
objective of this research is to gain a better understanding of the supply chain for biomass,
including harvesting, preprocessing, storing, and transporting switchgrass. The specific
objectives of this research are to determine:
(1) The least logistic cost of switchgrass from the fields to a biorefinery under various
storage conditions and logistic systems,
(2) The economic value of switchgrass preprocessing facilities in the biomass supply
chain, and
5

(3) The optimal location of a biorefinery in the study area.
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CHAPTER 2

LITERATURE REVIEW

The two main approaches used for biomass-ethanol conversion are the biochemical
process and the thermochemical process (Hess et al. 2007; Gomez et al. 2008). The biochemical
process has a lower maintenance cost than the thermochemical process. However, it requires
pretreatment of the LCB feedstock to liberate sugars from the biomass before the conversion
process (Hess et al. 2007). The thermochemical process is effective at converting LCB, but it
requires a large amount of feedstock with low moisture content. This necessitates long distance
delivery of biomass, resulting in an increase in both storage and transportation costs (Demirbas
2002; Gomez et al. 2008). The demand for quantity and quality of the LCB feedstock
underscores the importance of an economical and reliable feedstock supply system. At present,
the major challenge facing the LCB-based biofuels industry is the significantly higher logistic
cost than that of grain feedstocks. Harvesting, storage, and transport are all much more expensive
(Gallagher et al. 2003; Wang 2009; Larson et al. 2010a and 2010b). Also, dry matter loss during
storage may adversely affect the quantity and quality of LCB feedstock. Therefore, efficient and
effective supply chain and logistics management is essential for LCB-based biofuels production
to be economically competitive (Gold and Seuring 2010).
The conventional biomass supply chain includes four main logistic operations:
production, harvest and collection, storage, and transportation and handling. Few studies
assumed a fully vertically integrated system for biomass supply in which the biorefinery is
responsible for production, harvest, storage on field edge, and transportation (Epplin et al. 2007).
In contrast to this structure, most studies assumed that the biorefinery contracts with farmers for
biomass production and harvest. The farmers are responsible for opportunity cost of land,
biomass establishment, annual maintenance, harvest, and storage under the grower payment,
7

while the biorefinery is responsible for transporting the harvested feedstock from the fields to the
biorefinery (Epplin et al. 2008; Wang 2009). After the biomass feedstock is ready for harvest, the
biorefinery will determine the harvest time, location, and type of harvest equipment. The
equipment and labor used for harvesting biomass could be supplied by either the biorefinery or
by the cooperative.
Conventional forage equipment is widely used for biomass harvest in the United States
(Larson et al. 2010a). Feedstock is mowed and raked into a narrow window. A baler picks up the
feedstock from the window to create bales (Kumar and Sokhansanj 2007). Bales are then moved
to the field edge by a tractor with a loader for storage before shipment to the biorefinery. Storage
protections are usually applied to biomass feedstock to maintain feedstock quantity and quality
(Wang 2009). After storage the bales are loaded onto a truck or trailer by a tractor with a loader
and transported to the biorefinery. There they are unloaded by a tractor with a loader (Duffy
2007).
Biomass supply chain design is a long-term decision involving high levels of complex
inter-dependency between biomass production systems. In contrast, the biomass logistic
operations of harvest, storage, preprocessing, and transport are short-term management decisions
(Gold and Seuring 2010). Some studies have been dedicated to minimizing cost by analyzing the
effects of different logistic options to keep the biomass logistic cost at a competitive level.
Harvest is an important step in the biomass logistic supply system. The characteristically
limited harvest period of biomass is induced by its seasonality. This is a determinant to the
biomass harvest schedule (Thorsell et al. 2004). For example, the switchgrass growing season is
from early spring (May-June) to late fall (October-November). Although it can be harvested
nearly year-round, the seasonal time of harvest will affect switchgrass yield, harvest cost, and
8

biofuel quality (Adler et al. 2006). By delaying harvest until spring, the conversion efficiency of
perennial grass feedstocks may be improved. Decreased moisture content and the translocation
of nutrients from the above-ground plant to the roots result in an increase in the relative amount
of carbon. This improves the quality of the feedstock, but the biomass tonnage may decrease
accordingly (Hadders and Olsson 1997). Considering the weather conditions in Tennessee,
Wang (2009) suggested the suitable harvest window of switchgrass there is from November to
February.
In addition to harvest time, harvest method is an important factor affecting total logistic
cost. Baling operation is a key technology for energy crops like biomass because it increases
density and creates a standard unit that can be efficiently handled. This translates to a large
logistic advantage (Forsberg 2000). Harvest systems currently available for LCB feedstock
combine several operations within a single piece of equipment, e.g. square and round baling
systems (Cundiff et al. 1997; Thorsell et al. 2004; Hess et al. 2007).
Harvest operations include mowing, raking, and baling LCB feedstock, then collecting
and stacking the bales at an on-field location. Hess et al. (2007) recommended the
1.2m×1.2m×2.4m large rectangular bale for an LCB feedstock assembly system because it
provides relatively efficient storage. Its shape and packing also allow for efficient transportation.
Large round baling systems are popular on most U.S. farms in the southeast, and round baling
systems are the primary equipment available for switchgrass harvest in Tennessee. Large
switchgrass round bales can generally tolerate exposure to certain levels of humid weather, but
they may not be suitable for large-scale biomass handling (Larson et al. 2010a, 2010b).
Furthermore, the variation in the density of round bales can be the cause of uneven size reduction
and erratic machine operation during de-baling (Sokhansanj et al. 2009).
9

In addition to the traditional square and round baling methods, Kumar and Sokhansanj
(2007) compared the harvest cost, energy consumption, and GHG emissions among five harvest
options (square baling, round baling, loafing, dry chopping and wet chopping). The results
showed that the loaf option has the lowest harvest cost at $13.67/dry ton, followed by dry
chopping at $14.81/dry ton, traditional round baling at $22.62/dry ton, wet chopping at
$22.63/dry ton, and traditional square baling at $24.10/dry ton. The loaf and dry chopping
method has relatively low harvest costs because it reduces the number of operations and
significantly increases the density of biomass. The chopped biomass can be preprocessed to
pellets for direct combustion use and transportation over longer distances (Uslu et al. 2008).
The storage costs of biomass mainly depend on three factors: storage location, storage
facility type, and storage duration. A short harvest period and scattered geographical distribution
of biomass production area necessitate storage in order to ensure a sustainable supply of biomass
feedstock to the biorefinery (Gold and Seuring 2010). Biomass feedstock may be stored on open
fields close to the harvest location, in a pole building with open sides, or in an enclosed building
(Duffy 2007). An enclosed building is the most expensive of the three methods, but it performs
the best in reducing storage dry matter loss and maintaining quality of switchgrass for ethanol
production. This type of storage facility generally includes open and covered storage. Since
round bales can generally tolerate exposure to certain levels of moisture, both covered and
uncovered storage may be adequate (Larson et al. 2010b; Gold and Seuring 2010). In contrast to
round bales, square bales cannot shed rain and thus are subject to spoilage if not covered
properly (Gold and Seuring 2010; Sokhansanj and Hess 2009; Sokhansanj et al. 2009).
High moisture content during storage may lead to gross shrinkage and consequently
decreased biomass tonnage that the biorefinery will receive (Hess et al. 2007). Also, an
10

overabundance of moisture reduces energy content and affects the amount of ethanol that
biorefinery can produce (Mobini et al. 2011). Shinners and Binversie (2004) conducted tests on
dry matter loss for indoor and covered outdoor storage of corn stover with round bales over nine
months. Their data showed that indoor storage for round bales has the least dry matter loss:
ranging from 2.2% to 4.9%. However, dry matter loss associated with outside storage on ground
with twine cover for round bales is significantly higher, ranging from 14.3% to 38.5%.
Wang (2009) examined the dry matter loss of switchgrass during storage under
conditions in Tennessee: two harvest methods (large round bale and large square bale) and two
storage durations (0 day and 200 days). The results showed that the square bales had a lower
delivered cost for switchgrass sent to the biorefinery within 200 days of storage; but the round
bales without storage protection had a lower delivered cost for switchgrass sent after 200 days of
storage.
Larson et al. (2010b) analyzed the effects of dry matter loss on the delivered cost of
switchgrass over time for round and square bales under conditions in Tennessee. Based on
Wang’s (2009) setup, they expanded alternative storage durations into 13 periods. Switchgrass
feedstock was delivered to the biorefinery every 30 days starting at 0 days of storage and ending
at 360 days of storage. The estimation showed (for both round and square bales incorporating
different storage methods) that the delivered cost of switchgrass to an ethanol refinery increases
with storage duration. Among ten different storage treatments with 180 storage days, round bales
on gravel without cover had the highest average delivered cost of $101.69/dry ton (weighted by
the monthly volume delivered). Round bales on ground without cover had the least average
delivered cost of $85.86/ dry ton.
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Since LCB-based biofuels are not economically feasible for industrial production with
the conventional biomass supply chain, many recent studies consider the addition of
preprocessing treatments as a way of lowering biomass logistic cost (Uslu et al. 2008; Larson et
al. 2010a and 2010b). Preprocessing methods include a mechanical approach of simple size
reduction and a chemical approach of changing the biomass matrix to enhance the biomassethanol conversion rate (Hess et al. 2007). The mechanical approach requires stacking bales from
different fields in a centralized location, while the chemical approach requires a separate
preprocessing facility for converting biomass feedstock into suitable forms for ethanol refining
(Wright et al. 2006; Uslu et al. 2008). The possible preprocessing operations include cleaning,
separating and sorting elements, chopping, grinding, mixing or blending, moisture control, and
potentially densifying as Carolan et al. (2007) addressed.
Many studies focus on the main functions of preprocessing treatment such as chopping,
grinding, or converting the biomass into a suitable feedstock for ethanol production (Wright et al.
2006; Kumar and Sokhansanj 2007; Sokhansanj and Hess 2009; Larson et al. 2010a, 2010b).
Data presented in the Carolan et al. (2007) study showed that distributed preprocessing field-side
or in a fixed preprocessing facility can provide significant cost benefits by producing a higher
value feedstock with improved handling, transporting, and merchandising potential. Uslu et al.
(2008) focused on detailed technical-economic analysis of three chemical preprocessing
treatments: pelletization, torrefaction and pyrolisis. The wood pellet form of biomass has high
combustion efficiency and is currently the most internationally tradable solid biomass
commodity. However, torrefaction and pyrolisis are still under development with unclear
economic potentials. Sokhansanj and Hess (2009) estimated the preprocessing cost of biomass
wood pellets to be $30.83 per dry ton by using a forage chopper for harvest. They suggested that
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a preprocessing treatment can increase the bulk density and conversion efficiency of biomass,
thereby decreasing both transportation and conversion costs. Larson et al.’s (2010b) evaluation
of alternative switchgrass logistic systems indicated that the cost savings in harvest,
transportation, and dry matter loss of a compactor/baler/wrapper assembly system could offset
their extensive capital cost. The results suggested that the biomass logistic system incorporating
an industrial compactor with supporting conveyor has cost advantages over conventional hay
methods.
Bulky biomass feedstock is very costly to transport, with density and travel time as the
main variables impacting transport cost. Higher bulk density of biomass allows for the
transportation of more material mass per unit distance. Specifically, the travel time is dependent
on the speed of transportation method (Sokhansanj et al. 2009) and the delivery distance
(Bransby et al. 2005, Kumar and Sokhansanj 2006). Truck transport is well-developed and is
estimated to be the cheapest mode for local transportation within 100 miles (Sokhansanj et al.
2009). Train transport is an attractive option with faster speed and lower costs than truck
transport over longer distances. A combination of different transport methods, such as the
integration of truck transport with rail transport, may have cost advantages over homogenous
transport (Gold and Seuring 2010). Route optimization can also be employed to further reduce
cost. Velazquez-Marti and Fernandez-Gonzalez (2010) designed a mathematical algorithm to
locate the potential biorefinery at a site that is able to fulfill consumers’ energy demand with
minimum transportation cost. To increase the feasibility of biomass application in the local areas
of Spain, Perpina et al. (2009) used the Geographic Information System (GIS) to identify the
optimal location of a biorefinery in the Valencian Community of Spain by minimizing transport
distances, times, and costs from each individual feedstock supply area to the biorefinery.
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Recent studies on evaluating the economic feasibility of LCB-based biofuels production
focus on cost estimation and supply chain optimization. Some studies used mathematical
methods to calculate the aggregated delivered cost of biomass from farm to plant gate based on
different logistic operations (Duffy 2007; Hess et al. 2007; Sokhansanj et al. 2009). However,
logistic uncertainties, such as feedstock variety, biorefinery location, and route constraints, are
not considered in the aggregated cost estimation (Mobini 2011). Some studies employed
mathematical modeling to address local specifications of the biomass supply chain including
determining optimal biorefinery location, ethanol plant size, harvest and storage schedule, and
transportation routes and methods. Tembo et al. (2003) developed a multi-region, multi-period,
mixed-integer mathematical programming model to determine the total cost associated with
switchgrass logistic flow and identify the optimal biorefinery location among several potential
sites. Wu et al. (2010) incorporated GIS data into their mixed-integer programming model to
maximize the net present value of a wood biomass-based biorefinery in the Appalachia region.
Studies conducted by researchers at the University of Tennessee and Oak Ridge National
Laboratory showed the feasibility and viability of planting switchgrass as a dedicated energy
crop in Tennessee (Brass 2011). In 2010, 5,000 gallons of cellulosic ethanol was produced at a
demonstration plant in Vonore, Tennessee. Plant operations were conducted by DuPont Danisco
Cellulosic Ethanol LLC, the corporate partner of the University of Tennessee and Oak Ridge
National Laboratory (Brass 2011). Additionally, in 2011 DuPont Danisco will announce plans
for building a commercial-scale plant in East Tennessee with expect annual ethanol production
of 25-50 million gallons (Brass 2011). While most studies on logistic issues of switchgrass focus
on national and regional conditions (Vadas et al. 2008; Popp and Hogan 2007), few studies are
applicable to Tennessee with the exception of Wang (2009) and Larson et al. (2010a, 2010b).
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Wang (2009) indicated that Tennessee is competitive to other states in production of switchgrass
because of a large amount of marginal crop land, abundant sunshine, and frequent rainfall. To
make cellulosic ethanol production feasible on a commercial-scale in East Tennessee, further
studies on the logistics of switchgrass will be required that incorporate local specifications such
as the availability of feedstocks, soil types, level of precipitation, transportation infrastructure,
and local cooperation and incentives. A more comprehensive analytical model evaluating the
supply chain of switchgrass in East Tennessee will be important to the local development of
LCB-based biofuels industry and can serve as a model for the state as a whole or other states
with similar conditions.
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CHAPTER 3

CONCEPTUAL FRAMEWORK

It is assumed that each individual ethanol refinery has limited market power and that no
current entry or exit barriers exist in the ethanol fuel market. Therefore, a biorefinery is a pricetaker in the ethanol fuel market, and the profit of a biorefinery is as follows:
Profit = P × Q – TC,

(1)

where P is the market price of ethanol, Q is the quantity of ethanol the biorefinery produces, and
TC is the total cost of the biorefinery operation. In a competitive market for ethanol, P is
assumed to be given to an individual biorefinery. Therefore, in order to maximize profit for a
given level of ethanol quantity, a biorefinery has to minimize its total cost.
The total cost associated with the biomass supply chain, referred to as logistic cost in this
study, includes costs for producing, harvesting, preprocessing, storing, and transporting biomass
feedstock. This study examines the combination of logistic options in different procedures to
minimize the total logistic cost and optimize the whole system. Discussion of the cost bearer for
the whole system is not covered in this study.
Figure 1 depicts how biomass moves through the various main operations along the
supply chain from fields to the biorefinery. After being harvested, switchgrass can be directly
delivered to the biorefinery (route 1) or put into storage before being sent to the biorefinery
(route 2); if preprocessing treatments are chosen by the biorefinery, switchgrass is either directly
delivered to the biorefinery (route 1) or delivered to preprocessing facilities (route 3) for
increasing the densification of feedstock before delivery to the biorefinery.
According to the logistic flow in Figure 1, the overall logistic cost consists of five parts:
the production cost of biomass (Cproduction), which includes the cost of establishing fields for
switchgrass production as well as fertilization, herbicides, and labor for maintaining annual
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production; the harvest and collection cost (Charvest) of harvesting switchgrass feedstock and
staging it to the storage sites, which includes operation, ownership, and labor costs of harvesting
and staging machineries; the preprocessing cost (Cpreprocessing), which includes building and land
costs of preprocessing facilities and the densification cost for switchgrass feedstock; the storage
cost (Cstorage ), which includes the cost of materials used for storage protection and associated
labor and machinery costs of placing those materials; and the transportation cost (C transportation),
which includes labor and machinery costs of transporting switchgrass from either fields or
preprocessing facilities to the biorefinery.
Therefore, the objective function for a biorefinery can be represented as follows:
Minimize

(2)

,
where
flow;

is the loss-adjusted cost of biomass per year during different processes of the biomass
is the cost before adjustment for dry matter loss; and

,

and

are the dry matter loss parameters during harvest, storage, and transportation, respectively.
This objective is subject to a set of constraints based on the supply and demand of
switchgrass feedstock. Specifically, on the supply side, the harvested switchgrass is constrained
by a reasonable yield on an available cropland and the capacity of the average work hours of
each machinery; the switchgrass is harvested once a year, from November to February, to
maintain the optimal nutrient content and minimize the facilities cost. On the demand side, the
amount of switchgrass stored during the harvest season needs to be greater than the total demand
of feedstock during off-harvest season; switchgrass delivered to the biorefinery needs to meet the
monthly demand of feedstock for ethanol production at the biorefinery.
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CHAPTER 4

METHOD AND DATA

This study developed a spatial mixed-integer mathematical programming (MIP) model to
estimate the least logistic cost of producing, harvesting, preprocessing, storing, and transporting
switchgrass feedstock from the fields to a biorefinery under various logistic systems. As
indicated previously, the cost bearer for the whole system is not covered in this study. Based on
the combinations of various harvest and storage methods, this analysis was conducted for two
scenarios based on a biorefinery capacity of 25 and 50 million gallons per year (MGY), as shown
in the tree diagram of Figure 3. The first scenario, represented by the green diagrams in Figure 3,
examines the logistic cost associated with switchgrass feedstock that is delivered from the fields
to the biorefinery (combination of routes 1 and 2 in Figure 1) and is considered as the baseline
scenario. The second scenario, represented by the blue diagrams in Figure 3, incorporates the
preprocessing facilities into the switchgrass supply chain and calculates associated logistic cost
(combination of routes 1 and 3 in Figure 1), which is the preprocessing scenario.
4.1

Study Area
A pilot biorefinery with an annual capacity of 250,000 gallons of ethanol was built in

Vonore, Tennessee in 2009 (Brass 2011). A total of 13 counties in East Tennessee (Anderson,
Blount, Bradley, Cumberland, Knox, Loudon, McMinn, Meigs, Monroe, Morgan, Polk, Rhea,
and Roane), each located within 50 miles of the biorefinery in Vonore, were selected in this
study for switchgrass feedstock production and the potential location of a commercial-scale
biorefinery. In order to generate precise distances from switchgrass fields to the potential
biorefinery location, those 13 counties were divided into 1144 five square-mile hexagons (Figure
2), based on a geo-spatial model BIOFLAME (Wilson 2009). However, federal land areas in the
13 counties were excluded from the supply area because they do not allow agricultural
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production activities. After the federal land areas were excluded from the study area, each of the
remaining hexagons was considered as a separate production region. The spatial data of the
availability of switchgrass feedstock and the location of industrial parks with access to major
road networks were also obtained from BIOFLAME. Accordingly, potential locations for the
new commercial-scale biorefinery were identified to be located in those 163 hexagons of
industrial park sites as represented in Figure 2.
The operating days for the biorefinery were assumed to be 360 days per year. Two
specific cases were used to represent the potential annual capacity of a commercial-scale
biorefinery: A biorefinery with a 25 MGY capacity and a biorefinery with a 50 MGY capacity,
based on an industrial source (Tembo et al. 2003). A conversional rate of 76 gallons per dry ton
(Wang et al. 1999) was used to estimate the amount of switchgrass feedstock required by the
biorefinery. Based on this conversion rate, 328,947 dry tons per year of switchgrass feedstock
was required by a biorefinery of 25 MGY capacity, and 657,895 dry tons per year of switchgrass
feedstock was required by a biorefinery of 50 MGY capacity. Given the assumption that
switchgrass is harvested only once per year, from November to February, to minimize the
harvest of nutrients and maximize the lignocellulosic material for conversion to ethanol, onethird of the harvested switchgrass is delivered to the biorefinery directly during harvest season,
while the rest of the switchgrass harvested is stored in the fields before being transported to the
biorefinery on a monthly basis during the off-harvest season.
4.2

Baseline Scenario: Field – Biorefinery
The analytical approach first determined the most economical location for the biorefinery

with the least logistic cost in the baseline scenario among many potential sites. As indicated in
Table 1, under the baseline scenario systems, switchgrass feedstock is mowed, raked, and baled
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by a round baler or a square baler. One-third of the harvested switchgrass bales are loaded onto a
semi-truck trailer by a tractor with a front-end loader and transported to the biorefinery directly.
The remaining two-thirds of the harvested switchgrass bales are moved to the field edge by a
tractor with a front-end loader for storage before shipment to the biorefinery. After storage, the
bales are transported to the biorefinery by a semi-truck trailer. The total logistic cost
(

) for the baseline scenario consists of production, harvest, storage and transportation

costs after adjustment for dry matter losses. Thus, the baseline model objective function is
represented below, with the definitions of variables, parameters, and subscripts summarized in
Table 2:
Minimize
(3)

= ∑

∑

+∑

∑

+∑

∑

∑
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∑
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∑

∑
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Four sets of constraints and one set of inventory flow equations are included in the
baseline model. There are two constraints in the production section: Equation (4) limits the
acreage of land used to produce switchgrass to be no greater than the available acreage of
cropland in study area, and Equation (5) limits the tonnage of switchgrass that can be produced
to be no greater than the total switchgrass yield in the study area. There are five constraints in the
harvest section: Equation (6) indicates that the amount of switchgrass produced needs to be no
less than the amount of switchgrass harvested; Equation (7) limits the switchgrass tonnage
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harvested each month to be equal to the total yield based on the harvest acreage of switchgrass
land; Equation (8) controls the ratio of monthly harvested tonnage to the total harvest tonnage to
be equal to the ratio of available monthly working hours of harvest machinery over the total
working hours of each harvest machinery; Equation (9) limits the harvest window to be from
November to February; and Equation (10) assures the machine time of each harvest machinery to
be under the available field hours in each month.
Four constraints are included in the transportation and storage section: Equation (11)
assures the switchgrass tonnage harvested each month should be no less than the switchgrass
tonnage for direct shipment to the biorefinery after adjusting for transportation dry matter loss;
Equation (12) requires the switchgrass tonnage harvested monthly to be no less than the
switchgrass tonnage newly put into storage in each month of harvest season; Equation (13) limits
the stored switchgrass to be transported to the biorefinery between March and October; and
Equation (14) balances storage supply and biorefinery demand.
In addition, the biorefinery demand needs to meet two constraints: Equation (15) controls
switchgrass delivery to the biorefinery each month to be equal to the capacity of the biorefinery
while Equation (16) balances ethanol production demand and switchgrass supply, as the ethanol
produced by the biorefinery should be no less than the monthly demand of the biorefinery.
Furthermore, to maintain the inventory each month, four conditions need to be imposed:
switchgrass is either directly sent to the biorefinery or put into on-field storage after harvest
(Equation 17); there is no carryover of switchgrass at the end of October, i.e. switchgrass stored
in November is the initial storage every harvest year (Equation 18); during harvest season, the
cumulative storage tonnage of switchgrass in the current month equals the switchgrass stored in
the previous month plus the newly stored switchgrass of the current month (Equation 19); and
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the cumulative storage tonnage of switchgrass in current month equals the switchgrass stored in
the previous month minus switchgrass sent to the biorefinery from storage during the previous
month during the off-harvest season (Equation 20). All parameters and variables in the baseline
model are non-negative.
4.2.1 Breakeven Price of Switchgrass
Switchgrass may be planted on marginal land that might not be suitable for traditional
crops; however, it may also be planted on farmland used for traditional crops with a breakeven
price (BEP) - the level at which farmers are willing to substitute switchgrass production for
traditional cropping activities (James et al. 2010). Data from the Economics, Statistics, and
Market Information System of the USDA (2009) showed that four kinds of crops (hay, corn,
soybeans, and wheat) are typically planted in the study area. As a result, those four kinds of
croplands were considered as croplands available for switchgrass production in this study.
If planting traditional crops is profitable, the breakeven price of switchgrass is calculated
based on a formula which requires the profit of planting switchgrass as an alternative to a
traditional crop to be equal to the profit of planting the traditional crop. This assumption ensures
that farmers can potentially earn as much from switchgrass production as they would from a
traditional crop. Therefore, farmers would be willing to convert traditional crop production to
switchgrass production:
,

(21)

If planting traditional crops is not profitable, the price of switchgrass needs to cover the
production costs of switchgrass (
production price (

). By setting the breakeven price equal to the switchgrass

) and rearranging equation (21):
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{

,

(22)

where the subscript crop is the traditional crop (hay, corn, soybeans, or wheat) available in the
study area;

is the crop price ($/ton) at the state level (USDA-NASS 2011a);

is the yield of each traditional crop (ton/acre) at the sub-county level (USDA-NASS 2011b);
is the production cost of each crop ($/ton) obtained from Agricultural Policy Analysis
Center’s POLYSYS databases, which includes input costs associated with crop production until
it leaves the field (all input costs data were originally obtained from USDA Costs of Production
Survey data (2005)), a ratio of price paid index for fertilizer at 146/191 was used to inflate the
crop production cost to 2010 level;

is the production cost of switchgrass ($/ton), which

consists of the cost of establishing switchgrass farmland (EST), maintaining annual production
(AMC), and harvesting switchgrass ( ); EST is amortized annual establishment expenses of
switchgrass over an assumed contract period of five years ($/acre) at a 3% real interest rate;
AMC is annual maintenance cost ($/acre) at a 3% real interest rate, which includes costs of
fertilization, pesticides, machinery and labor costs of sprayers and tractors;

is the machinery

and labor costs of harvesting switchgrass ($/acre); and the yield data of switchgrass,
(ton/acre), is from the sub-county level data of the Natural Resources Conservation
Service, USDA.
As indicated in the above formula, the BEP included the cost per ton to produce and
harvest switchgrass feedstock. The harvest cost per ton is included in the BEP calculation
because farmers generally are responsible for harvesting switchgrass: thus, they would consider
its cost in the decision to convert traditional crops to switchgrass. Therefore, the total production
24

cost (

) and harvest cost (

) of switchgrass equals the BEP multiplied by the

tonnage of switchgrass produced to meet the demand of the biorefinery:
∑

∑

∑

,

(23)

4.2.2 Production Cost
As indicated above, the breakeven price for switchgrass to replace traditional crops
consists of the production and harvest costs of switchgrass. Excluding the harvest cost per ton
(

) from the breakeven price (
∑

where

∑

), the production cost formula is:

∑

,

is the yield of switchgrass in tons per acre as in the previous parameter

(24)
, and

is the harvest cost of switchgrass in $ per acre as already indicated.
4.2.3 Harvest Cost
The baling methods assumed for harvesting switchgrass in the baseline scenario were the
large round bale (5ft × 4ft) and the large square bale (4ft × 8ft). Five types of equipment were
assumed to be used to harvest switchgrass: mower, rake, baler, loader, and tractor. The harvest
cost per acre (σ) is the sum of machinery and labor costs per acre of mowing, raking, baling, and
loading. The baling and loading costs for each bale method were assumed to vary with the
machine time of the equipment (hour/acre) and switchgrass yield. The machine time of the balers
was assumed to be linearly related to yield based on a throughput capacity of 5.5 tons/hour for
the large round bale and 12 tons/hour for the large square bale. The machine time of the loaders
was assumed to be linearly related to yield based on the total weight of bales staged per hour.
The average weight of 0.41 ton/bale for the large round bale and 0.79 ton/bale for the large
square bale were used, derived from a bale storage experiment of the University of Tennessee at
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Milan, Tennessee. The number of bales staged per hour by a front-end loader was obtained from
The University of Tennessee Extension Budget: 16 bales for the round bale and 8 bales for the
square bale. The machine times of mowers and rakes were assumed not to vary with yield. Dry
matter loss during harvest (
switchgrass harvested (

) were assumed to be zero, making the tonnage of
) equal to the tonnage of switchgrass produced (

). The field

days available for each piece of harvest machinery is 53 days (325 hours) with 86.36 hours in
November, 81.95 hours in December, 78.36 hours in January and 78.59 hours in February. The
field available hours were calculated based on the assumptions that average 70 percent of the
days per month when precipitation was less than 0.01 inch were available for harvest (USDCNCDC 2011) and average 60 percent of daylight hours of per available harvest days were
effective for harvest (USNO 2009). The total harvest cost formula is represented as below, where
is the yield of switchgrass (tons/acre):
∑

∑

∑

∑

,

(25)

4.2.4 Storage Cost
The storage cost considered in this study included the materials being used for an open
storage site on field as well as the equipment and labor required to place those materials and to
stack bale. Two cover protection methods for bales were considered in the baseline scenario:
covered by plastic tarp and uncovered. Likewise, two surface bottom support protection methods
were considered in the baseline scenario: well-drained ground and wooden pallets. The storage
cost associated with plastic tarp was estimated at $ 4.01/ton for the round bale and $ 2.59/ton for
the square bale, and the storage cost associated with wooden pallets was estimated at $ 4.07/ton
for the round bale and $ 3.75/ton for the square bale. The total storage cost varied depending on
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the incorporation of different cover protection methods and surface protection methods in the
storage treatment.
Storage treatment
No storage treatment was applied to switchgrass for direct delivery to the biorefinery.
The round bale can be stored on ground without surface protection due to its effectiveness in
shedding water. However, the square bale needs surface protection when it is stored outdoors
(Larson et al., 2010a). Consequently, the storage treatments considered for the round bale in this
study were:
(1) Covered with plastic tarp on well-drained ground
(2) Covered with plastic tarp on wooden pallet
(3) Uncovered on well-drained ground (no protection)
The storage treatments considered for the square bale in this study were:
(1) Covered with plastic tarp on wooden pallet
Based on the different storage treatments for the round and square bales after harvest,
five switchgrass logistic systems were compared in this study, as shown in Table 3. According to
the logistic flows in Figure 1, it is assumed that part of the harvested switchgrass feedstock was
transported to the biorefinery for direct use during harvest season, while the remaining
switchgrass feedstock harvested was stored on the fields before transportation to the biorefinery
during off-harvest season. In the round bale system (RoundTP), it is assumed that one-third of
the harvested round bales were delivered to the biorefinery for direct use during the harvest
season and the remaining round bales were stored on a wooden pallet surface with tarp covers on
the fields before they were delivered to the biorefinery during the off-harvest season. The storage
cost (

) of the RoundTP system is $ 8.08 per ton, which is the sum of cost of plastic tarps,
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wooden pallets, and associated equipment and labor used to place the storage protection. In the
second mixed bale system (MixedNG), it is assumed that one-third of harvested switchgrass was
baled into square bales for direct transportation to the biorefinery during the harvest season,
while two-thirds of harvested switchgrass was baled into round bales and on the fields before
they were delivered to the biorefinery during the off-harvest season. No storage protection was
applied to the round bales in the MixedNG system, which means those round bales were stored
on well-drained ground on the fields without plastic tarp covers.
The total storage cost of switchgrass bales in each logistic system equals the storage cost
per ton (

) multiplied by the total tonnage of switchgrass newly stored on field in each month

of the harvest season (
∑

∑

):
∑

∑

∑

,

(26)

Storage dry matter loss
This study included 12 storage options of 30 day increments ranging from 30 to 360 days.
Only switchgrass quantity loss during storage was considered; quality loss was not covered in
this study. Dry matter loss data used in this study was from a switchgrass harvest and storage
study at the Milan Research and Education Center (MREC) in Milan, Tennessee (English et al.
2008). The Mitscherlich-Baule functional form was adopted to generate a cumulative storage dry
matter loss percentage (

) with an independent variable of storage duration (

) and

parameters of storage method (t: tarp or non-tarp) for each bale method (b: round bale or square
bale). The Mitscherlich-Baule dry matter loss function is:
,

(27)
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where

is the cumulative storage dry matter loss percentage from the beginning of

November to month m for each baling method and storage cover method;
parameters to be estimated by regression;

1 and

are

is the time in storage (days). The storage dry

matter loss that occurred during each month (

) was the difference between the

cumulative storage dry matter loss parameters of the current month and the previous month as
expressed in following equation:
,

(28)

The dry matter loss issue increases the amount of harvested switchgrass needed to meet
biorefinery demand, consequently increasing the total logistic cost. The storage dry matter loss in
terms of quantity loss (

) is the additional tonnage of switchgrass feedstock produced

and harvested to compensate for the tonnage loss during storage, which is defined as follow:
∑
where

∑

∑

∑

∑

,

is the amount of switchgrass tonnage put into storage and

(29)
is the

amount of switchgrass tonnage transported to the biorefinery after storage. The cost of storage
dry matter loss is reflected by the production and harvest cost in each switchgrass logistic system
and is not included in the storage cost.
4.2.5 Transportation Cost
In the baseline scenario, it is assumed that switchgrass bales are loaded onto semi-tractor
trailers and transported to the biorefinery following a monthly schedule. The cost of staging
switchgrass bales to the edge of the field by loaders was also included in the harvest cost. The
estimated transportation cost per ton (

) includes the loading and unloading costs of

switchgrass bales using tractors with front-end loaders, the machinery cost of trailers for
29

transporting bales, and the associated costs for the drivers making the round trip from the fields
to the biorefinery. The transportation cost of the loader and tractor was the same as during
harvest, $12.34 /hour and $84.45 /hour, respectively. The cost of the semi-tractor trailer was
obtained using the same enterprise budgeting method as used for harvest equipment. The bale
weights of 0.37 tons/bale for the round bale and 0.67 tons/bale for the square bale were used in
this study, based on Wang’s (2009) estimation.
The capacity of a semi-tractor trailer is assumed to be 36 large round bales (13.18
tons/load) or 24 large square bales (16.01 tons/load). The loading and unloading time per load
for square bales was 0.83 hours/load, as obtained from the Iowa State University Extension,
which broke down into 0.5 hours for loading time and 0.33 for unloading time (Duffy 2007). The
loading and unloading time per load for round bales was assumed to be 10% more than square
bales in this study, or 0.91 hours/load. The loading and unloading cost per ton was obtained by
multiplying the cost of loader and tractor per hour by the time required to load and unload the
switchgrass per ton for each bale method. The machinery cost of trailers per ton was calculated
based on the sum of the delivery time for a round trip between each pair of fields and the
biorefinery location as well as the loading and unloading time for the switchgrass bales. The
speed of trailer was assumed to be 50 miles/hour (Brechbill et al., 2008). The labor cost per ton
was also based on the sum of the delivery time and the loading and unloading time for each trip.
Two percent transportation dry matter loss (
transportation cost (
∑

) was assumed in this study. The total

) was calculated as:
∑

(∑

∑

∑
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∑

∑

)

,

(30)

where

is the transportation cost per ton from each field to a pre-assumed location of the

biorefinery,

is the tonnage of switchgrass feedstock directly transported to the

biorefinery,

is the tonnage of switchgrass feedstock transported to the biorefinery after

storage, and

is the percentage dry matter loss during transportation.

The distance data was obtained from BIOFLAME using a real street network. The
distance from a field to a biorefinery was assumed to be the distance between the center points of
a hexagon representing switchgrass cropland and a hexagon representing the pre-assumed
location of the biorefinery. BIOFLAME generated an origin-destination distance matrix from all
origins to each destination using the shortest routes. A hierarchy (primary/major roads >
secondary roads > local and rural roads > other roads) based on the speed limits of each type of
road was used in this analysis. In other words, BIOFLAME showed preference for routes with a
higher hierarchy rather than a lower hierarchy. The higher hierarchy road type usually having a
higher speed limit, therefore, the shortest routes data generated by BIOFLAME are also the
quickest routes.
4.3

Preprocessing Scenario: Fields – Preprocessing Facilities – Biorefinery
In the preprocessing scenario, the preprocessing facilities were incorporated into the

supply chain of switchgrass. The preprocessing analysis was based on a Stretch-Wrap Bale
technology originally developed in Europe for garbage and has since been marketed in the USA
by TLA BaleTech LLC (Larson et al. 2010b). As indicated in Table 1, for the preprocessing
scenario system, switchgrass feedstock is harvested by a self-propelled chopper with a rotary
header and loaded onto a tandem-axle truck. Then one-third of the chopped feedstock is
transported to the biorefinery directly while the remaining two-thirds is transported to the
preprocessing facility. In the facility, the chopped feedstock is dumped into a holding area,
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loaded by a front-end loader onto a conveyor belt, and condensed into two compact bales
wrapped in mesh and plastic for storage (Larson et al. 2010b). The compact bales are then loaded
onto a semi-truck trailer by a tractor with a front-end loader and transported to the biorefinery.
The preprocessing facilities are assumed to be located in industrial park sites in the study area.
The corresponding logistic flows are represented by blue arrows in Figure 3.
Given the required tonnage of switchgrass per year for a biorefinery and the throughput
of 45 dry ton hours for each preprocessing facility, four units of preprocessing facilities were
required by the biorefinery capacity of 25 MGY, and seven units of preprocessing facilities were
required by the biorefinery capacity of 50 MGY. The monthly capacity of each preprocessing
facility was set at the level of 15,750 tons per month from November to February based on the
throughput. Since preprocessing treatments reduce the moisture content of biomass and increase
its bulk density, the storage dry matter loss became insignificant for preprocessed biomass
feedstock. As a result, storage dry matter loss was assumed to be zero in the preprocessing
scenario in this study. A binary variable OPF(z) was employed in the preprocessing model to
indicate whether a preprocessing facility would be located in an industrial park site z. It is
assumed that only one facility was allowed to be located in any single industrial park.
The optimal locations of the preprocessing facilities were simultaneously determined by
the MIP model through identifying the least logistic cost in the preprocessing scenario for the 25
MGY case and the 50 MGY case, respectively. The total logistic cost (

) in the

preprocessing model consisted of production, harvest, preprocessing, and transportation costs.
The cost of storing switchgrass at the preprocessing facilities was included in the preprocessing
cost. The logistic cost formula for the preprocessing scenario was given as below, with the
definitions of variables, parameters, and subscripts summarized in Table 4:
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There are five sets of constraints and one set of inventory flow equations included in the

preprocessing model. Constraints in the sections of production, harvest, and biorefinery demand
are the same as in the baseline model. In addition, four constraints in the transportation and
preprocessing section were imposed: Equation (38) assures that the switchgrass tonnage
harvested in each month should be no less than the switchgrass tonnage for direct shipment to the
biorefinery after adjusting for transportation dry matter loss; Equation (39) requires the
switchgrass tonnage harvested monthly to be no less than the switchgrass tonnage newly stored
at the facility after the preprocessing treatment in each month of the harvest season; Equation (40)
confirms the schedule of transporting preprocessed switchgrass to the biorefinery from March to
October; Equation (41) requires that preprocessed switchgrass that is transported to the
biorefinery cannot be greater than the available monthly inventory.
Two constraints were included in the preprocessing facilities: Equation (42) requires the
units of preprocessing facilities built not to be smaller than the units needed for preprocessing
sufficient feedstock for the biorefinery; Equation (43) limits switchgrass feedstock that is newly
preprocessed and stored in each facility to be no greater than its monthly capacity. Because the
storage dry matter loss after the preprocessing treatment was assumed to be zero in this scenario,
the inventory flow in the preprocessing model is more straightforward than the baseline model.
In the inventory flow section, switchgrass is either sent directly to the biorefinery or to
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preprocessing facilities before it is transported to the biorefinery (Equation 46). Similar to the
assumption in the baseline model, all parameters and variables in the preprocessing model are
non-negative.
4.2.1 Production Cost
The calculation of the production cost in the preprocessing scenario followed the same
framework as in the baseline scenario, as given below:
∑

∑

∑

,

(47)

4.2.2 Harvest Cost
The baling equipment assumed for harvesting switchgrass in the preprocessing scenario
was a self-propelled forage chopper with a rotary header. Unlike the conventional baling system
in the baseline scenario, which used a mower, rake, baler, loader, and tractor to harvest and stage
switchgrass bales, only the forage chopper was used in the preprocessing scenario to harvest
switchgrass feedstock. The harvest cost per acre ( ) in the preprocessing scenario was the
machinery and labor costs per acre of chopping switchgrass using the self-propelled forage
chopper with the rotary header. Compact bales were created at the preprocessing facility instead
of on the fields, thus costs associated with creating compact bales were included in the
preprocessing cost section. Similar to the assumption of baling machine time in the baseline, the
machine time of the forage chopper was linearly related to yield based on a throughput capacity
of 20 tons/hour chopped switchgrass, which was significantly more efficient than the large round
bale (5.5 tons/hour) and the large square bale (12 tons/hour). Harvest dry matter loss in the
preprocessing scenario was assumed to be zero. The formula of harvest cost (
scenario is similar to the baseline, which was represented as:
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) in this
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∑

,
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4.2.3 Preprocessing Cost
The preprocessing cost in this study included the fixed cost of constructing preprocessing
facilities and the variable cost of preprocessing the necessary tonnage of chopped switchgrass
feedstock to maintain sufficient supply for the biorefinery. The sum of pre-storage building,
machine building, and land costs were considered as the fixed cost of the preprocessing facilities
in this study, which was $620,808 for each preprocessing facility. In each facility site, the
building cost of two days pre-storage of chopped switchgrass feedstock was estimated at
$562,954, and the building cost of the compact baler was estimated to be $33,988. The annual
land cost for each facility was estimated at $24,274, based on 15 land acres for buildings and onsite storage of compactor switchgrass bales and an estimated county property tax rate of $2.46
per $100 assessed value in Knox County, Tennessee. The estimated variable preprocessing cost
was $12.74/ton, including the cost of film, net, belt, machinery compact baler, and three loaders
(one loader for stockpiling, one loader for feeding the compact baler and one loader for stacking
wrapped bales), obtained from BaleTech LLC. The preprocessing cost (

) formula

can be expressed as
∑
where

+∑ ∑

∑ ∑

is the fixed preprocessing cost of each preprocessing facility,

,

(49)
is the binary

variable indicating whether a facility would be constructed in a specified location of industrial
park z, and

is the variable preprocessing cost per ton of creating compact bales.
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4.2.4 Transportation Cost
In the preprocessing scenario, one-third of the chopped switchgrass was sent directly to
the biorefinery for use, and the remaining harvested switchgrass was sent to the preprocessing
facility for densification and packing before being transported to the biorefinery. Accordingly,
the transportation cost considered in this scenario included transporting switchgrass: from the
fields to the biorefinery or from the fields to the preprocessing facilities and subsequently from
the preprocessing facilities to the biorefinery. It is assumed that the chopped switchgrass is
loaded onto the tandem-axle trucks and transported to either the preprocessing facilities or the
biorefinery; the preprocessed switchgrass bales are loaded onto the semi-tractor trailers and
transported to a biorefinery. The cost of both the tandem-axle truck and the semi-tractor trailer
were obtained using the same enterprise budgeting method for harvest equipment in the baseline
scenario. The speed of the tandem-axle truck and semi-truck trailer used in this study was 25
miles/hour (Larson et al., AFR 2010) and 50 miles/hour (Brechbill et al., 2008), respectively.
The capacity of a tandem-axle truck was assumed to be 3.375 tons per load for chopped
switchgrass, and the capacity of a semi-tractor trailer was assumed to be 16 compact bales with
an average weight of 3000 pounds per compact bale (Larson et al. 2010b). The estimation of
transportation cost per ton ( ) followed the same structure in the baseline scenario, which
included loading and unloading, the truck or trailer machinery, and drivers’ costs. Two percent
transportation dry matter loss (

) was considered for the transportation of chopped

switchgrass from either the fields to preprocessing facilities or the biorefinery during harvest
season. As in the baseline scenario, the delivery distance data used in this scenario were also
obtained from the GIS model BIOFLAME using real street network. The total transportation cost
in the preprocessing scenario was given as below:
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∑

∑

∑

∑

,

are the transportation costs per ton of switchgrass from the fields to the

biorefinery, from the preprocessing facilities to the biorefinery, and from the fields to the
preprocessing facilities, respectively.
4.4

Sensitivity Analysis
In order to evaluate the effects of the variability and uncertainty of input parameters on

the total logistic cost of different logistic systems and the choice of the optimal logistic system, a
single-point sensitivity analysis was conducted based on four categories: (1) the percentage of
hay land available for planting switchgrass (PAS), (2) the switchgrass-to-ethanol conversion rate
(Lambda), (3) the diesel fuel prices (Pfuel), and (4) the dry matter loss during storage of compact
switchgrass bales generated from the stretch-wrap bale technology in the preprocessing scenario
(SDMLC). The benchmark values used in the sensitivity analysis (Table 5) were the values of
input parameters assumed in the Method and Data chapter, which included a 50% conversion
rate of hay land to switchgrass land, a76 gal/ton conversion rate of switchgrass to ethanol, and a
$2.75 /gallon of diesel fuel price. In addition, the dry matter loss of compact switchgrass bale
during storage is assumed to be negligible. The sensitivity analysis is applied to a 25 MGY
biorefinery to illustrate the impact.
The hay land is the cheapest to be converted to switchgrass production compared to other
traditional croplands. Therefore, the availability of hay land is expected to have significant
impact to the logistic cost of switchgrass. Since no previous literature indicated the percentage of
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hay land that farmers are willing to convert to switchgrass production in the East Tennessee area,
five values of hay land conversion rates (10%, 20%, 30%, 40% and 50%) were selected in the
sensitivity analysis.
The switchgrass-ethanol conversion rate determines the tonnage of switchgrass feedstock
that is required by a biorefinery with a fixed capacity, thusly affecting the logistic cost of
switchgrass. Three alternative switchgrass-ethanol conversion rates were selected, including 81
gal/ton (Hill et al. 2009), 91 gal/ton (Patzek 2010) and 100 gal/ton (Haque and Epplin 2010), to
evaluate the changes in total logistic costs resulting from the improvement in conversion
efficiency of switchgrass to ethanol.
The diesel fuel price has a direct impact on the operation cost of machines used in each
part of switchgrass logistics, i.e., establishment, maintenance, harvest, storage, preprocessing,
and transportation. Therefore, the impact of fuel price fluctuation on the logistic cost of
switchgrass needs to be considered for the optimization of switchgrass logistics. In addition,
Tyner (2010) has shown a significantly increasing correlation between major crop prices and
fossil fuel price after 2004. Thus, the crop prices and the diesel fuel price integrally changed in
this sensitivity analysis. The simulation of fuel prices was performed by increments of ±10% of
the benchmark value, ranging from -20% to +20%. Table 6 presents the correlations between the
monthly price of four evaluated crops and the price of diesel fuel for the 2004-2011 period
(USDA-NASS 2011b). The price changes of those four crops corresponding to the price
movement of diesel fuel were calculated based on the crop/diesel correlations. For example,
when the diesel fuel price increased by 20%, the corn price increased by 15% (=20% × 0.75).
Specific information regarding the crops and diesel fuel prices at different alternative values of
the sensitivity analysis is provided in Table 7.
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The dry matter loss of compact switchgrass bale during storage is expected to affect the
logistic cost of the preprocessing scenario system because additional tonnage of switchgrass
feedstock will be required to compensate the dry matter loss of storing preprocessed feedstock in
facility. Consequently, the logistic cost of compact switchgrass bales will increase. Since the
information of the dry matter loss of the compact bales of biomass materials generated from the
stretch-wrap bale technology is limited, the level of dry matter loss in the sensitivity analysis is
determined based on the storage dry matter loss of large round bales with plastic tarp and
wooden pallet protection. Because of the plastic wrap protection on those compact bales, it is
assumed that the potential dry matter loss of the compact bale will not be higher than the
conventional large round bale with storage protection. Thus, three alternative level of storage dry
matter loss of compact switchgrass bales were considered in the sensitivity analysis: one-third of,
two-third of and the full level of the storage dry matter loss of the round bale with storage
protection.
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CHAPTER 5
5.1

RESULTS AND DISCUSSION

Outputs of the 25 MGY Case

5.1.1 Output of the Baseline Scenario for the 25 MGY Case
Table 8 summarizes the estimated logistic cost of switchgrass for five systems in the
baseline scenario, including two solely bale systems (RoundTP and SquareTP) and three mixed
bale systems (MixedTP, MixedNG, and MixedTG) for a biorefinery with annual capacity of 25
million gallons. In general, for those five logistic systems, the production cost constituted 18% to
20% of the estimated total logistic cost; the harvest cost constituted 52% to 57% of the total
logistic cost; the storage cost constituted 0% to 8% of the total logistic cost, largely affected by
the storage method applied in each system; and the transportation cost constituted 18% to 23% of
the total logistic cost.
For the solely bale systems, the estimated logistic cost per year of switchgrass was less
for the square bale system (SquareTP) ($23,468,531/year) than for the round bale system
(RoundTP) ($24,777,532/year) when storage protection of wooden pallet with tarp cover was
considered. This result is consistent with Larson et al (1010b). Due to the higher storage dry
matter loss in the square bale, more additional tonnage of switchgrass was required to be
produced and harvested to offset expected storage loss. For example, the required tonnage of
switchgrass production for the square bale system was at 383,041 tons/year (Table 7), which is
much higher than the round system, while the amount of switchgrass feedstock received by the
biorefinery is 328,947 tons/year for all systems. The additional 54,094 tons/year was the result of
the tonnage loss during storage. Consequently, the total production cost per year of the square
bale system was higher. However, the production costs per ton for the two conventional bale
systems were similar ($12.61/ton for the SquareTP system compared to $12.63/ton for the
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RoundTP system) because the two systems selected the same location of the biorefinery, and the
corresponding switchgrass draw areas under the two systems have a big overlay. Previously
studies (Larson et al. 2010b) indicated the large square bale has a larger bale capacity and size
compared to the large round bale, so it allows for efficient harvest and transportation of
switchgrass. Similar to the results of previous studies, the estimated harvest cost of the SquareTP
system was lower than that of the RoundTP system even though the former required producing
and harvesting approximately 36,160 more tons of switchgrass than the latter.
The storage cost in Table 8 represented the machinery, labor, and materials costs
associated with placing storage protection. The storage cost per ton for all systems generated in
Table 8 were consistent with the values of the storage cost variable

in Table 3. The dry

matter loss cost during storage was not included in the storage cost section, but it reflected the
cost of producing and harvesting excess switchgrass to compensate for the gross shrinkage loss
of switchgrass during storage. In the transportation cost section, the SquareTP system had a
lower total transportation cost ($4,276,433) compared to the RoundTP system as a result of
larger bale capacity and the shorter loading and unloading times of the square bales over the
round bales. The tonnage loss during transportation (2%) was also incorporated in the
transportation cost.
Under the three mixed bale systems in Table 8, the square bales were used for direct
shipment and the round bales were stored before the delivery to the biorefinery. The storage
treatment used for the round bales under those mixed bale systems was the only factor affecting
the additional amount of switchgrass harvested, adjusting storage loss, and the total logistic cost.
Results in Table 8 illuminated the fact that the storage method of using a tarp cover had a higher
storage cost than not using a tarp cover for the mixed bale systems, and its cost savings in
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production and harvest were not sufficient to offset the associated storage costs. Therefore, the
MixedNG system is the most cost efficient mixed bale system in terms of total logistic cost
(Figure 4). The annual feedstock harvested tonnage for the MixedTP and MixedTG systems was
the same as a result of the same (346,881 tons/year) storage dry matter loss under the protection
of tarp cover. Since no storage protection was applied to the bales under the MixedNG system, it
required more tonnage of switchgrass feedstock to cope with dry matter loss. Hence, it had a
higher total harvest cost ($4,464,630/year) and total production cost ($12,718,080/year) than the
two aforementioned systems. However, because no storage protection was used, the storage cost
of the MixedNG system was estimated to be zero. The higher transportation cost in the
MixedNG system compared to the other two mixed bale systems was a result of its larger
switchgrass draw area requiring longer delivery distances from the fields to the biorefinery.
Compared to the conventional bale systems, the MixedNG system had the advantage of
the moisture content tolerance of the round bales and the large bale capacity of the square bales,
so its total logistic cost was estimated to be lower than the round and square bale systems. For
example, the required harvested tonnage of the switchgrass in the MixedNG system (353,738
tons) was higher than that in the RoundTP system (346,881 tons) but lower than that in the
SquareTP system (383,041 tons). The MixedNG system had lower total storage dry matter loss
than the SquareTP system but larger total storage dry matter loss than the RoundTP system.
Additionally, the harvest cost per unit of the MixedNG system was $35.95/ton, which was higher
than that of the SquareTP system ($32.82/ton) but lower than that of the RoundTP system
($37.40/ton). The transportation cost per ton of the MixedNG system was $15.22/ton, which was
higher than that of the RoundTP system ($16.51/ton) but lower than that of the SquareTP system
($12.74/ton). Overall, the significant cost savings in terms of storage gave a large advantage to
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the total logistic cost of the MixedNG system over the conventional bale systems (Figure 4).
Thus, the MixedNG system had the least logistic cost and was the optimal baseline scenario
system for the 25 MGY case (Figure 4).
Under the optimal system MixedNG in the baseline scenario, the optimal biorefinery
location in the study area was identified by a mixed-integer mathematical programming (MIP)
model, as shown in Figure 5. The MIP model for the baseline scenario generated the optimal
location for the biorefinery with a capacity of 25 MGY to be in the northwest of Monroe County
(Figure 5). The supply areas of switchgrass by harvest bale method and by harvest month under
the MixedNG system were illustrated in the GIS maps of Figure 5. The distances from the
multiple switchgrass production fields to the optimal biorefinery location were within 23.6 miles.
Switchgrass harvested by the large square baler (represented by the red hexagons in the GIS map
of Figure 5(a)) were delivered to the biorefinery during harvest season for the direct use, and
switchgrass harvested by the large round baler (represented by the dark green hexagons in the
GIS map of Figure 5(a)) were transported to the biorefinery after storage on fields for given
periods. As shown in Figure 5, the supply area of switchgrass harvested by large square balers
was located farther from the biorefinery than that harvested by large round balers as the large
square switchgrass bale is more cost efficient in terms of transportation.
The geographic locations of the switchgrass harvested each month under the MixedNG
system were shown in the GIS map of Figure 5(b); the amount of switchgrass tonnage harvested
per month was shown by the blue bars in Figure 6. The tonnage of switchgrass feedstock
harvested by large square balers was 27,972 tons/month. However, the tonnage of switchgrass
feedstock harvested by large round balers differed across harvest months because the number of
available working hours of harvest machines varied with expected weather.
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5.1.2 Output of the Preprocessing Scenario for the 25 MGY Case
The estimated logistic cost of the COMPB system in the preprocessing scenario for a
biorefinery with the capacity of 25 MGY and the cost components by logistic flow are shown in
Table 9. The total harvested tonnage of switchgrass was 335,661 tons/year for the COMPB
system, and the associated harvest cost was $4,236,960/year. The total harvest cost of the
COMPB system constituted 22% of its estimated total logistic cost. Unlike the harvest procedure
in the baseline systems, which included the operations of mowing, raking, baling, and loading
switchgrass feedstock, the harvest procedure in the COMPB system only included the chopping
operation using a self-propelled forage chopper harvesting unit. The chopper is equipped with
rotary header and has a throughput capacity of 20 tons/hour. The total harvest cost of the
COMPB system was estimated at $3,886,652/year. The harvest cost accounted for approximately
20% of the estimated total logistic cost. The storage cost referred in Table 9 is the cost of storing
switchgrass on fields, which was estimated to be zero in the preprocessing scenario because the
chopped switchgrass were either sent directly to the biorefinery or preprocessing facilities
immediately after being harvested, without on-field storage. The cost of storing the chopped
switchgrass (before preprocessing treatment) and compactor switchgrass bales (after
preprocessing treatment) in preprocessing facilities was included in the preprocessing cost
section of the COMPB system. The preprocessing cost of the COMPB system was estimated at
$5,277,445/year, which consisted of the fixed cost of four preprocessing facilities ($620,808 for
each facility) and the variable cost of preprocessing 219,298 tons of chopped switchgrass
annually at the four preprocessing facilities ($2,794,213/year). The transportation cost of the
COMPB system was estimated to at $6,291,826/year, which consisted of the transportation costs
from the fields to the biorefinery using tandem-axle trucks ($1,422,610/year), from the fields to
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four separate preprocessing facilities using tandem-axle trucks ($2,843,936/year), and from each
preprocessing facility to the biorefinery using semi-tractor trailers ($2,025,281/year).
Under the COMPB system for the 25 MGY case, the optimal locations of the biorefinery
and four preprocessing facilities in study area were shown in Figure 7. The optimal location of
the biorefinery selected by the MIP model was located in the northwest of Monroe county
(hexagon ID 438), represented by the red star in Figure 7. The optimal locations of the four
separate preprocessing facilities were represented by the violet crosses in Figure 7. Switchgrass
feedstock harvested in the dark blue hexagon areas in Figure 7 was for direct use of the
biorefinery during the harvest season. Switchgrass feedstock that was harvested in the light blue,
orange, purple, and green hexagon areas was sent to the preprocessing facility located within
each respective area before being transported to the biorefinery. Additionally, the four
preprocessing facilities were identified to be located in three different counties (Loudon, Monroe,
and McMinn). Among the four preprocessing facilities, only two facilities (located within light
blue hexagon areas and within purple hexagon areas) operated at full preprocessing capacity of
63,000 tons/year, while the other two facilities operated at 73% (46,092 tons/year) and 75%
(46,092 tons/year) of full capacity. The tonnage of switchgrass harvested each month,
represented in Figure 8, was 89,948 tons, 85,224 tons, 76, 332 tons, and 84,157 tons in
November, December, January, and February, respectively.
5.1.3 Comparison of Logistic Systems in the Baseline and Preprocessing Scenarios for the
25 MGY Case
The estimated total logistic costs of the COMPB system was $19,691,960/year, which
was approximately $2.6 million less than the estimated total logistic cost of the optimal baseline
scenario system, MixedNG. Also, it was approximately $5.1, $3.8, $4.1, and $3.2 million less
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than the RoundTP, SquareTP, MixedTP, and MixedTG systems, respectively (Tables 8 and 9,
Figure 9). In terms of percentage cost savings, the cost savings of the COMPB system over the
five baseline scenario systems ranged from 12% to 21% for the 25 MGY case.
Because of the low moisture content of the chopped switchgrass, the storage dry matter
loss was assumed to be zero in the preprocessing scenario system COMPB. Due to the
significant storage dry matter loss in the baseline scenario systems, the tonnage of switchgrass
produced and harvested in the MixedNG system (353,738 tons), SquareTP system (383,041tons),
and RoundTP system (346,881 tons) were all larger than the amount in the COMPB system
(335,661 tons). Consequently, the total production cost of the COMPB system was much lower
than the MixedNG system. The COMPB system also had a large cost advantage in harvest, as
represented by the red bars in Figure 9. The total harvest cost of the COMPB system was
considerably lower than that of the systems in the baseline scenario because fewer operations and
less equipment were involved (Table 1). Therefore, the COMPB system appeared to be
significantly more efficient in harvesting than all baseline scenario systems. The preprocessing
cost of the COMPB system based on four units of preprocessing facilities and 219,298 tons of
chopped switchgrass was estimated at $5,277,445/year. The transportation cost of the COMPB
system was estimated at $6,291,826/year, which was $749,216/year, $2,015,394/year, and
$1,182,138/year higher than the transportation costs of the RoundTP, SquareTP, and MixedNG
systems, respectively. In the baseline scenario systems, semi-tractor trailers were used to
transport large round or large square switchgrass bales from the fields to the biorefinery. In the
preprocessing systems, the combination of semi-tractor trailers and tandem-axle trucks was
considered. The higher speed and larger bale capacities of the trailers over the trucks led to a
much higher overall transportation cost of the COMPB system compared to the baseline scenario
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systems, as illuminated by the light blue bars in Figure 9. However, the results in Figure 9
showed that the savings in the COMPB system production, harvest, and storage were sufficient
to offset its higher preprocessing and transportation costs.
By comparing Figures 5 and 7, both the MixedNG system and the COMPB system chose
the same industrial park site as the optimal location of the biorefinery (ID438). Additionally, the
GIS map of the COMPB system showed a slightly smaller draw area (36,845 acres) for the
switchgrass feedstock than the MixedNG system (38,748 acres). Additionally, a large majority of
the switchgrass fields were converted from the hay lands (approximate 95%) in both baseline and
preprocessing scenario as shown in Figure 10.
5.2

Outputs of the 50 MGY Case

5.2.1 Output of the Baseline Scenario for the 50 MGY Case
For a biorefinery with an ethanol production capacity of 50 MGY, the estimated total
logistic cost of five baseline scenario systems ranged from $46,109,160/year to $51,167,800/year,
as shown in Table 10. Specifically, for the five systems in the baseline scenario in the 50 MGY
case, the production cost constituted 17% to 21% of the total logistic cost; the harvest cost
constituted 51% to 55% of the total logistic cost; the storage cost constituted 0% to 8% of the
total logistic cost, depending on the storage method; and the transportation cost constituted 20%
to 25% of the total logistic cost. Additionally, the MixedNG system was the optimal system in
terms of total logistic cost ($46,109,160/year), followed by the MixedTG system at
$47,240,580/year, the SquareTP system at $48,347,390/year, and the MixedTP system at
$49,118,510/year. The RoundTP system had the highest logistic cost at $51,167,800/year.
The switchgrass draw area under the MixedNG system for the 50 MGY case is shown in
Figure 12. The optimal location of the biorefinery for the MixedNG system was identified to be
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located in the northwest of Monroe County (Hexagon ID 438). The distances from multiple
switchgrass production fields to the optimal biorefinery location were within 41.27 miles. There
were some hexagons located close to the location of the biorefinery that were not selected as the
draw area of switchgrass feedstock because they were located on federal land. As shown in
Figure 10, the switchgrass draw area was 77,612 acres, with almost 96% converted from hay
lands (74,312 acres), 3% converted from wheat fields, and around 1% converted from corn and
soybean fields in total. The monthly harvest schedule of switchgrass under the baseline scenario
system MixedNG is represented in Figure 13. Specifically, 55,943 tons of switchgrass feedstock
were harvested by the large square balers each month of the harvest season while the feedstock
tonnage harvested by the large round balers varied each month, ranging from 102,558 tons to
168,301 tons.
5.2.2 Output of the Preprocessing Scenario for the 50 MGY Case
The total logistic cost of the COMPB system for a biorefinery with annual capacity of 50
MGY was estimated at $40,520,900/year (Table 10). The total harvested tonnage of switchgrass
was 671,321 tons/year under the COMPB system for the 50 MGY case, and the associated
harvest cost was estimated at $8,492,900/year. The production, harvest, preprocessing, and
transportation costs constituted 21%, 20%, 24%, and 35% of the total logistic cost, respectively.
Based on a switchgrass-ethanol conversion rate of 76 gallons per ton and the
preprocessing capacity of 63,000 ton/year for each facility, seven units of preprocessing facilities
were required by a biorefinery of 50MGY size. The optimal location of the biorefinery was
located in the northwest of Monroe County (Hexagon ID 438), and the seven preprocessing
facilities were located in McMinn, Loudon, Blount, Bradley, and Polk Counties, as shown in
Figure 14. Among all the preprocessing facilities, six facilities operated at full capacity while one
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facility, located in the southeast of McMinn County (within the orange hexagon area), was at 96%
of full capacity (60,596 ton/year).
The acreage of the switchgrass draw area under the COMPB system for the 50 MGY case
was estimated at 73,723 acres. Ninety-two percent of the draw area acreage was converted from
hay fields (67,935 acres) while the rest was converted from the croplands of corn (0.5%),
soybean (2.8%), and wheat (4.8%). The monthly harvested switchgrass tonnage was evenly
distributed in the harvest season, as shown in Figure 15: 168,443 tons in November, 168,276
tons in December, 166,158 tons in January, and 168,443, tons in February.
5.2.3 Comparison of Logistic Systems in the Baseline and Preprocessing Scenarios for the
50 MGY Case
For the 50 MGY biorefinery, the estimated logistic cost of the COMPB system was
estimated to be 12% ($5,588,260/year) lower than the optimal baseline scenario MixedNG
system (Table 10). The cost savings of the COMPB system over the other four baseline scenario
systems further ranged from 14% to 21%. For the 50 MGY case, 707,476 tons of switchgrass
feedstock were required by the biorefinery under the MixedNG system, and 671,321 tons were
required under the COMPB system. Thus, the associated production cost of the COMPB system
was lower than the MixedNG system. Also, the COMPB system had a large cost advantage over
the MixedNG system in the harvest cost, as shown in Figure 16. Even though the COMPB
system had relatively large preprocessing ($9,934,083/year) and transportation
($14,144,183/year) costs compared to the MixedNG system, it still had an advantage in terms of
total logistic cost over the MixedNG system.
For the 50 MGY case, Hexagon ID 438 was chosen as the optimal location for the
biorefinery by both the MixedNG and COMPB systems. The switchgrass draw area was 77,612
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acres for the MixedNG system and 73,723 acres for the COMPB system. Most of the switchgrass
fields were converted from the hay fields for each system (96% for the MixedNG system and 92%
for the COMPB system), as shown in Figure 10.
5.2.4 Comparison of Outputs for the 25 MGY and 50 MGY Cases
When the biorefinery annual capacity of ethanol production expanded from 25 MGY of
ethanol to the level of 50 million gallons, based on the same switchgrass-ethanol conversion rate
of 76 gallons per ton, the switchgrass feedstock required by the biorefinery doubled. As a result,
the total logistic cost increased for the systems in both the baseline and preprocessing scenarios,
as showed in Figure 11. The estimated logistic cost differences among the different systems
increased but the cost relations among the different logistic systems did not change: the COMPB
system remained the optimal system in terms of total logistic cost for both of the 25 and 50 MGY
cases, followed by the MixedNG system.
Additionally, as the biorefinery capacity expanded, the logistic cost per ton for delivering
switchgrass feedstock became more expensive under each system. For example, the estimated
logistic cost per ton increased by $1.73/ton under the COMPB system and by $2.32/ton under the
MixedNG system (Tables 8, 9, and 10). In order to meet the increased demand of the switchgrass
feedstock in the 50 MGY case compared to the 25 MGY case, a larger draw area of switchgrass
was required. At the same time, less productive croplands, croplands with higher switchgrass
breakeven prices, and croplands located farther away from the biorefinery were chosen by the
model under both the MixedNG and the COMPB systems (Figures 5, 7, 12, and 14). Therefore,
the production and transportation costs per ton under each system increased accordingly (Tables
8, 9, and 10), which increased the total logistic cost per ton.
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The optimal location of the biorefinery chosen by the MIP model (Hexagon ID 438) did
not change under the MixedNG and COMPB systems as the biorefinery capacity increased from
25 MGY to 50 MGY. The feedstock draw area of the MixedNG system dispersed with the center
of the optimal biorefinery location as the plant size increased (Figure 12). In contrast, the
feedstock draw area of the COMPB system expanded toward the southeast (McMinn, Bradley,
and Polk counties) and eastern directions (Blount and Monroe counties) of the study area (Figure
14), as the result of the geographic locations of available industrial parks. Compared to the
25MGY case, a smaller percentage of the switchgrass fields was converted from the hay fields
and a larger percentage of the switchgrass fields was converted from the soybean fields for the
50MGY case for both the baseline and preprocessing scenarios (Figure 10).
5.3

Outputs of Sensitivity Analysis

5.3.1 The Percentage of Hay Land Available for Planting Switchgrass (PAS)
5.3.1.1 The Effects of the Alternative PAS Value on the Baseline Scenario Systems
The effects of an alternative percentage of hay land available for planting switchgrass
(PAS) on the estimated total logistic cost and the corresponding optimal locations of the
biorefinery for all baseline systems were shown in Table 11. At the benchmark value, 50% hay
land was available for planting switchgrass, the production and harvest costs constituting 18-19%
and 50-52% of the total logistic costs in the baseline scenario systems, respectively. The
transportation costs constituted 17-22% of the total logistic costs. When available hay land for
switchgrass production was shrinking, the share of the harvest and transportation costs in the
total logistic costs increased due to the larger draw area of switchgrass required to meet
biorefinery demand.
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The estimated total logistic costs increased when the percentage of hay land available for
conversion decreased for all the logistic systems. Specifically, the production, harvest, and
transportation costs increased as the PAS value decreased, and the transportation cost increased
at a faster pace than the other two components. However, the storage costs generated based on
different PAS values were the same under each system (Table 11). Generally, the ranks of lowest
logistic cost systems in the baseline scenario did not change as the PAS parameter decreased
from 50% to 20%. As shown in Figure 17, the MixedNG system was the optimal system with the
least estimated logistic cost, followed by MixedTG, SquareTP, MixedTP, and the RoundTP
systems. However, when the rate of the PAS decreased to the 10% level, the total logistic cost of
the SquareTP system exceeded the MixedTP system with $61,440. In addition, the same location
(Hexagon ID 438) was selected as the optimal location of the biorefinery for all baseline scenario
systems as the hay land conversion rate decreased from 50% to 10%.
Figure 18 showed the switchgrass draw area for alternative PAS values under the optimal
baseline scenario system, MixedNG. The switchgrass draw area expanded as the available hay
land for switchgrass production decreased. The production cost of the MixedNG system
increased at the same time because less tonnage of switchgrass feedstock was obtained from each
acre of hay land, and less acreage of switchgrass fields was converted from hay land (Table 11).
Additionally, the total logistic cost per ton increased significantly (from $71/ton to $76/ton) as
the hay conversion rate dropped from 20% to 10%. Meanwhile, the acreage of hay land
converted decreased from 38,833 to 24,479 acres (blue bars in Figure 19), and the acreage of
soybean land converted increased dramatically from 811 acres to 8,792 acres (green bars in
Figure 19) while the total acreage of cropland converted increased by only 34 acres. This
suggests that using as little as 20% of available hay land in the study area could supply sufficient
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switchgrass to a 25 MGY biorefinery at a feasible cost. When converting only 10% of hay land
to switchgrass production, the logistic cost surged drastically due to the insufficient hay land for
switchgrass production. In this situation, more switchgrass was planted on other types of
croplands, such as soybean and wheat (Figure 19).
5.3.1.2 The Effects of the Alternative PAS Value on the Preprocessing Scenario System
Table 12 summarizes the effects of the alternative hay land conversion rate on the
COMPB preprocessing scenario system. When the hay land conversion rate decreased from the
benchmark value 50% to 20%, the total logistic cost increased by 7%. Specifically, the
production, harvest, and transportation costs increased by 1%, 3%, and 19%, respectively, while
the preprocessing cost remained the same. However, when the hay land conversion rate
decreased from 50% to 10%, percentage increases in the total logistic cost rose significantly to
19%. The production, harvest, and transportation cost increased by 27%, 19%, and 31%,
respectively.
As shown in Table 12 and Figure 17, the total logistic cost of the COMPB system
increased as the hay land conversion rate decreased. However, its total logistic cost increased by
8.5% when the PAS decreased from 20% to 10%. It increased by only 6.5% when the PAS
decreased from 50% to 10%. Specifically, the production, harvest, and transportation costs under
the COMPB system increased as the hay land conversion rate decreased, while the preprocessing
cost remained constant ($5,277,445/year) for all PAS values. The tonnage of switchgrass
feedstock received by the biorefinery did not change according to the varying hay land
conversion rate, so the preprocessing cost remained the same. However, when the percentage of
hay land available for switchgrass production was at a relatively low level, a relatively large
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switchgrass draw area was required by the model to obtain enough feedstock for the biorefinery
(Figure 20), which thus increased the production, harvest , and the transportation costs.
Under the COMPB preprocessing scenario system, the optimal location of the biorefinery
and the locations of four preprocessing facility based on different hay land conversion rates
varied as shown in Figure 20. Additionally, the locations of preprocessing facilities were
scattered when the percentage of hay land available for switchgrass production was low. At the
50% hay land conversion rate, the optimal location of the biorefinery was located in Hexagon ID
438 of Monroe County. The four preprocessing facilities were located in Loudon, Monroe, and
McMinn Counties, and two preprocessing facilities operated at full capacity of 63,000 tons/year.
When the hay land conversion rate decreased to 40%, the optimal biorefinery location moved
towards the southeast to Hexagon ID 405 of Monroe County (Figure 20(d)), and the locations of
the preprocessing facilities expanded to Blount County. Additionally, only the facility located in
McMinn County was at full capacity while the other three facilities were at 76%-88% of the full
capacity. When hay land conversion rate decreased from 30% to10%, three of the four
preprocessing facilities operated at full capacity of 63,000 tons/year, and only one facility
operated at 48% of full capacity (30,298 tons/year) (Figures 20(a,b,c)). The locations of the
preprocessing facilities moved to Loudon, Blount, Rhea, and Polk Counties. The optimal
location of the biorefinery moved towards the southeast to Hexagon ID 316 and 287 of McMinn
County for the 20% and 30% of the hay land conversion rate, respectively.
5.3.1.3 Comparison of the Effects of the Alternative PAS Value on the MixedNG and COMPB
Systems
As shown in Figures 17 and 21, the total logistic costs of both the baseline scenario
MixedNG system and the preprocessing scenario COMPB system increased as the percentage of
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hay land available for switchgrass production decreased. However, the advantage of the COMPB
system over the MixedNG system in terms of logistic cost decreased as the PAS value decreased.
As shown in Figure 21, the COMPB system had a $2,600,440/year cost savings over the
MixedNG system when the hay land conversion rate was at 50%. This number decreased almost
50% to $1,427,503/year when the conversion rate reduced to 10% because the transportation cost
of the COMPB system was much higher than the MixedNG system when the switchgrass draw
area was large.
5.3.2 The Switchgrass to Ethanol Conversion Rate (Lambda)
5.3.2.1 The Effects of the Alternative Lambda Value on the Systems in Baseline Scenario
Table 13 summarizes the estimated total logistic cost and the corresponding optimal
locations of the biorefinery in all baseline scenario systems under the alternative conversion rate
of switchgrass to ethanol (Lambda). The estimated total logistic cost of all systems decreased as
the ethanol conversion rate increased, and each component, that is production, harvest, storage,
and transportation, decreased at a similar pace. For example, increasing the ethanol conversion
rate from 81 to 91 gallons per ton lowered the total logistic cost and each component by 11% for
all systems in the baseline scenario. Also, the total cost decreased by 9% for all systems when
the Lambda value increased from 91 to 100 gallons per ton. As shown in Figure 22, the slope of
the total logistic cost curve between 81 and 91 gallons per ton was slightly sharper than that
between 91 and 100 gallons per ton.
The rank of least logistic cost systems in the baseline scenario did not change when the
Lambda value increased from 76 to 100 gallons per ton; the MixedNG system was the optimal
baseline scenario system based on each alternative Lambda value considered in this study.
However, the gap in the logistic cost between the different systems became smaller (Figure 22)
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because as the switchgrass-ethanol conversion rate increased, a lower tonnage of switchgrass
was required by the biorefinery to meet its annual feedstock demand. Therefore, less feedstock
was put into storage and a smaller percentage of switchgrass was lost due to the storage dry
matter loss. As a result, the transportation cost decreased.
In the MixedNG system, the switchgrass draw area shrank as the switchgrass-ethanol
conversion rate increased (Figure 23) because less acreage of switchgrass was needed to provide
sufficient feedstock for the biorefinery. However, under all evaluated switchgrass-ethanol
conversion rates, the optimal location of the biorefinery was located in Hexagon ID 438. Figure
24 showed that the total acreage of traditional cropland converted declined as the value of
Lambda increased. However, the share of converted acreage of hay land to the total cropland
remained about 96% for all levels of Lambda. At the 76 gallons per ton ethanol conversion rate,
37,248 acres of hay land, 68 acres of soybean land, and 1,432 acres of wheat land were
converted to switchgrass production, for a total of 38,748 acres of converted cropland. After the
conversion rate increased to 100 gallons per ton, the total cropland converted dropped by 24%
(to 29,451 acres). Specifically, the acreage converted from hay, soybean and wheat fields
reduced to 28,239 acres, 20 acres, and 1,192 acres, respectively.
5.3.2.2 The Effects of the Alternative Lambda Value on the System in Preprocessing Scenario
Table 14 summarizes the effects of alternative switchgrass-ethanol conversion rates on
the COMPB preprocessing scenario system. The estimated total logistic cost of the COMPB
system decreased as the Lambda value increased (Table 14 and Figure 22). Its total logistic cost
decreased by 6%, 13%, and 9% within the range of 76-81gallons per ton, 81-91 gallons per ton,
and 91-100 gallons per ton, respectively. The amount of switchgrass feedstock produced and
harvested decreased from 335,661 tons to 255,102 tons as the ethanol conversion rate increased
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from 76 gallons per ton to 100 gallons per ton. As a result, the tonnage of switchgrass sent to the
preprocessing facilities and transported to the biorefinery decreased, and the total preprocessing
and transportation cost decreased accordingly.
The optimal location of the biorefinery under the COMPB system for alternative Lambda
values varied as shown in Figure 23. At the 81 gallons per ton ethanol conversion rate, the
optimal location of the biorefinery generated by the MIP model was located in Hexagon ID 405,
located in the Northwest of Monroe County and close to the optimal biorefinery location based
on the Lambda benchmark value of 76 gallons per ton (Hexagon ID 438). The biorefinery
requires four preprocessing facilities, which were located in Loudon, Blount, and Monroe
Counties. Only one facility, located in Monroe County and close to the location of the
biorefinery, operated at full capacity, while other facilities operated at 47% (29,892 tons) to 92%
(57,094 tons) of full capacity. Based on the ethanol conversion rates of 91 and 100 gallons per
ton, three preprocessing facilities were used for feedstock densification since the volume of
required switchgrass was reduced. At the 91 gallons per ton Lambda value, the optimal location
of the biorefinery was in Hexagon ID 438 (Monroe County), and the three preprocessing
facilities were located in Loudon and McMinn Counties. At least 94% of the full capacity was
utilized by each of those facilities. At the 100 gallons per ton Lambda value, the optimal location
of the biorefinery was in Hexagon ID 405. Compared to the Lambda value of 91 gallons per ton,
the locations of three preprocessing facilities were more scattered as shown in Figure 25(c). Two
out of the three preprocessing facilities operated at full capacity while the other operated at 65%.
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5.3.2.3 Comparison of the Effects of the Alternative Lambda Value on the MixedNG and
COMPB Systems
As shown in Figure 22, the logistic costs of both the MixedNG and COMPB systems
decreased as the switchgrass-ethanol conversion rate increased. However, the cost advantage of
the COMPB system over the MixedNG system in terms of logistic cost fluctuated as the Lambda
value increased (Figure 26). The COMPB system had a $2,600,440/year cost saving over the
MixedNG system at the conversion rate of 76 gallons per ton, and this number decreased to
$2,295,999/year after Lambda increased to 81 gallon/year due to the savings in storage dry
matter loss of the MixedNG system. At the 91 gallons per ton rate, only three preprocessing
facilities were required by the biorefinery which saved the fixed cost of one preprocessing
facility ($620,808/year) compared to the four required at the 76 and 81 gallons per ton
conversion rates. Thus, the cost saving of the COMPB system over the MixedNG system became
larger when the Lambda value increased from 81 to 91 gallons per ton. When the ethanol
conversion rate was further increased to 100 gallons per ton, the cost advantage decreased to
$2,106,250/year. This suggests that if the number of preprocessing facilities remains constant,
the cost advantages of the COMPB system over the MixedNG system in terms of total logistic
costs decreases as the switchgrass-ethanol conversion rate increases.
5.3.3 The Diesel Fuel Prices (Pfuel)
5.3.3.1 The Effects of the Alternative Pfuel Value on the Systems in Baseline Scenario
The effects of the alternative diesel fuel price (Pfuel) on the estimated total logistic cost
and corresponding optimal location of the biorefinery of all baseline systems were shown in
Table 15. The estimated total logistic cost of all systems increased along with the increase in the
fuel price. Because machines were used for production, harvest, storage and transportation in the
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switchgrass supply chain, the cost associated with each logistic step increased as the fuel price
increased. Since the crop prices and the fuel price integrally changed as a group based on the
correlations (Table 6), the production cost of switchgrass went up further. In Table 15, when the
fuel price increased by 10% (from $2.75/gal to $3.03/gal), the total logistic cost of the RoundTP
system increased by 2.99%, the total logistic cost of the SquareTP system increased by a smaller
percentage at 2.55%, and the total logistic cost of the MixedNG system increased by 2.97%.
When the fuel price increased by 20% (from $2.75/gal to $3.30/gal), the total logistic costs of the
RoundTP, SquareTP, and MixedTP systems increased by 5.82%, 4.97%, and 2.97%, respectively.
However, when the fuel price decreased by 10% (from $2.75/gal to $2.48/gal), the total logistic
costs of the RoundTP, SquareTP, and MixedNG systems decreased by 2.75%, 2.33%, and 2.87%,
respectively. When the fuel price further decreased by 20% (from $2.75/gal to $2.20/gal), the
total logistic costs of those three systems decreased by 5.67%, 4.81%, and 5.84%, respectively.
The positive relation between the logistic cost and the fuel price for each logistic system
was shown in Figure 27. However, the responses of the total logistic costs due to fuel price
changes varied across systems, which can be observed from the slopes of each system’s cost
curves in Figure 27. Compared to other logistic systems, the logistic cost curve of the SquareTP
was flatter than other systems, which implied that the SquareTP system was less respondent to
the fuel price changes than other systems, reflecting that the harvest cost of the SquareTP system
increased at a slower pace compared to other baseline scenario systems when the fuel price
increased. As the fuel price increased, the cost advantages of the MixedNG system over the
SquareTP system became smaller. However, the rank of least logistic cost system did not change
as the fuel price changed within the -20% to +20% range, and the MixedNG system was always
the optimal system in the baseline scenario.
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In the MixedNG system, the switchgrass draw areas based on alternative fuel prices were
approximately the same (Figure 28). Even though the total harvested acreage of switchgrass
feedstock remained at the same level as the fuel price changed (Figure 28), the structure of
different types of croplands converted for switchgrass production changed under alternative fuel
price. As shown in Figure 29, when the fuel price increased from the benchmark value ($2.75/gal)
by 10% and 20%, more hay fields and less wheat fields were converted. However, when the fuel
price decreased from the benchmark value by 10% and 20%, less hay fields and more wheat and
corn fields were converted. This was because the crop prices changes corresponded to fuel price
changes based on the crop/diesel fuel correlation in Table 6. Because the corn price is highly
correlated with the fuel price, the corn price moved more closely with the fuel price change than
other crops did. Thus, corn acreage was less frequently used for switchgrass production when the
fuel price increased. In contrast, when the fuel price decreased, it was more profitable to convert
more corn acreage than other crop areas (except for hay) to produce switchgrass.
5.3.3.2 The Effects of the Alternative Pfuel Value on the System in Preprocessing Scenario
Table 16 summarizes the effects of the alternative diesel fuel price on the COMPB
preprocessing system. The estimated total logistic cost of the COMPB system showed a positive
relation with the fuel price (Figure 27). For example, the total logistic cost of the COMPB
system increased by 2% and 4% as the fuel price increased by 10% and 20%, respectively.
Under the COMPB preprocessing scenario system, the optimal location of the biorefinery
and the locations of the four preprocessing facilities under the alternative fuel price varied as
shown in Figure 30. When the fuel price was at $2.20/gal (decreased by 20%), the optimal
location of the biorefinery was located in Hexagon ID 421 in the Northwest of Monroe County.
The preprocessing facilities were located in Loudon, Monroe and McMinn Counties. Two
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preprocessing facilities (in Loudon and Monroe Counties) operated at full capacity of 63,000
ton/year. The optimal location of the biorefinery based on $2.48/gal fuel price (decreased by
10%) was located in Hexagon ID 438. Two preprocessing facilities operated at full capacity in
Monroe and McMinn Counties. As the fuel price increased from the benchmark value to the
level of $3.03/gal (increased by 10%), the optimal location of the biorefinery shifted toward the
southwest to Hexagon ID 315 (McMinn County). Only one preprocessing facility located in
Monroe County opearated at full capacity, while the other three facilities’ utilization rates ranged
from 60% to 99%. As the fuel price increased from the benchmark value to the level of $3.30/gal
(increased by 20%), the optimal location of the biorefinery remained at the same location
(Hexagon ID 438). Only the preprocessing facility located in Monroe County opearted at full
capacity, while the other three facilities were operated at 66% to 93% of full capacity.
5.3.3.3 Comparison of the Effects of the Alternative Pfuel Value on the MixedNG and
COMPB Systems
Both the total logistic costs of the MixedNG baseline scenario system and the COMPB
preprocessing scenario system increased as fuel price increased. As shown in Figure 27, the total
logistic cost of the COMPB system was less price respondent than the MixedNG system because
the logistic cost curve of the COMPB system on the alternative fuel price was flatter than that of
the MixedNG system. This suggests that the total logistic cost advantage of the COMPB system
over the MixedNG system increased as the fuel price increased (Figure 27 and 31). For example,
at the benchmark value of the fuel price, the COMPB system had $2,600,440 annual logistic cost
saving over the MixedNG system. As the fuel price increased by 10%, the annual logistic cost
saving of the COMPB system over the MixedNG system increased by 11% (to $2,888,123/year).
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By further increasing the fuel price by 20%, this saving increased by 20%, to the level of
$3,132,441/year.
5.3.4 The Storage Dry Matter Loss of Compact Switchgrass Bale (SDMLC)
5.3.4.1 The Effects of Alternative SDMLC Value on the System in Preprocessing Scenario
Table 17 summarizes the effects of alternative storage dry matter loss of compact
switchgrass bale on the logistic cost and location of the biorefinery in the preprocessing scenario
system, COMPB. The estimated total logistic cost of the COMPB system showed a positive
relation with its storage dry matter loss. When the storage dry matter loss of compact bale
increased from zero to one-third and two-third of the storage dry matter loss of round bale with
storage protection, the harvest tonnage of switchgrass feedstock increased by 1.2% and 2.2%,
respectively. As a result, the estimated total logistic cost increased by 0.6% and 1.7%,
respectively. When the storage dry matter loss of compact bale further reached to the level of dry
matter loss in the round bale with protection, the estimated logistic cost of COMPB system
increased by 2.4%. Additionally, the production cost, harvest cost, and preprocessing cost
increased faster than the transportation cost when the storage dry matter loss of compact bale
increased. It was because the feedstock tonnage received by the biorefinery remained at the same
level of 328,947 tons per year for alternative SDMLC value. For example, when the storage dry
matter loss of compact bale increased from zero to the level of equaling the storage dry matter
loss of round bale with storage protection, the production cost, harvest cost, and preprocessing
cost in the COMPB system increased by 3.1%, 3.6%, and 2.5%, respectively. However, the
transportation cost only increased by 1.0%.
The suggested location of the biorefinery under the COMPB system varied as the
SDMLC value changed (Figure 32). When the storage dry matter loss of compact bale increased
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from zero to one-third of the storage dry matter loss of round bale with protection, the location of
the biorefinery moved toward southeast in Monroe County (from Hexagon ID 438 to ID 405).
Three preprocessing facilities which located in McMinn, Loudon, and Blount County were
operated at 92%, 94%, and 95% of full capacity, respectively. The other one facility located in
the Northwest of Monroe County operated at 73% of full capacity. Also, the locations of the
facility in the Northwest of Monroe County and the facility in the Northeast of McMinn County
were adjacent to each other. When the SDMLC value increase to two-third of the storage dry
matter loss of round bale with protection, the optimal location of the biorefinery moved toward
northwest to McMinn County (Hexagon ID 420). Only one preprocessing facility which located
in Loudon County operated at full capacity, while the other three facilities were operated at 81%
to 93% of full capacity. When the storage dry matter loss of compact bale was indifferent from
that in the round bale with storage protection, the selected location of the biorefinery was located
in the Northwest of Monroe County (Hexagon ID 405). Only one preprocessing facility which
located in Loudon County operated at full capacity, while the other three facilities were operated
at 75% to 96% of full capacity. Additionally, the location of the facility in the Northwest of
Monroe County was adjacent to the location of the facility in the Northeast of McMinn County.
5.3.4.2 Comparison of the Effects of Alternative SDMLC Value on Baseline and
Preprocessing Scenario Systems
When the storage dry matter loss of compact bale increased from zero to the one-third,
two-third, and full level of storage dry matter loss of round bale with storage protection, the
logistic cost of the COMPB system increased by 0.6%, 1.7%, and 2.4%, respectively (Figure 33).
Also, the cost advantage of the COMPB system over the MixedNG system decreased from
$2,600,440/year to $2,479,617/year, $2,265,048/year, and $2,131,357/year, respectively, based
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on those three levels of storage dry matter loss of compact bale (Figure 33). Because the storage
dry matter loss of compact bale does not affect the logistic cost of baseline scenario systems, the
logistic cost of the COMPB system was estimated to be 11.1%, 10.2%, and 9.6% lower than the
MixedNG system for those three alternative SDMLC level. However, the preprocessing scenario
system is still the most economical among all logistic systems.
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CHAPTER 6

CONCLUSION

Cellulosic ethanol converted from switchgrass, a non-food energy crop, has the
advantages of less input cost, higher ethanol yield, and less GHG emission compared to cornbased ethanol. Additionally, commercial-scale ethanol production from switchgrass could
significantly contribute to the local economy, particularly in those regions with marginal land for
traditional crops. However, switchgrass-based ethanol production is not economically currently
feasible on a commercial-scale due to various issues, including significant barriers of the
feedstock logistics. The objective of this study was to evaluate the biomass feedstock logistic
system with alternative preprocessing and storage options, providing information useful in
expediting the commercialization of the switchgrass-based ethanol production in the nation.
By employing a spatial mixed-integer mathematical model, this study identified the
optimal logistic system under East Tennessee conditions. The evaluated logistic systems in this
study included five conventional systems (one round bale system, one square bale system, and
three mixed bale systems) in the baseline scenario and one stretch-wrap bale system in the
preprocessing scenario. The results suggested that the preprocessing scenario system
outperformed all baseline scenario systems in terms of the total logistic cost in both biorefinery
based on annual capacities of 25 and 50 MGY. Specifically, the cost savings of the preprocessing
scenario system over the baseline scenario systems ranged from 12% to 21%. Additionally,
among the storage protection options evaluated in this study, the option of using wooden pallets
with plastic tarps performed the best in reducing storage dry matter loss of switchgrass in the
conventional logistic systems. However, after taking into account dry matter loss during storage,
the mixed baler system without storage protection proved the most economical among the
conventional logistic systems.
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This study also provided information regarding the optimal location of a biorefinery, a
switchgrass production plan, monthly harvested and delivered tonnage, and the draw area of
switchgrass under each system. The optimal location of the biorefinery was identified to be
located in the Northwest of Monroe County, a location close to the demonstration plant in
Vonore, Tennessee. The above information is useful to make investment decisions and logistic
plans for the biorefinery. It also helps farmers determine their participation in switchgrass
production in East Tennessee. Also, this spatial mixed-integer mathematical model can be
modified and applied to cases in other regions adjusting to the local specifications.
The percentage of available hay land used for switchgrass production, the switchgrassethanol conversion rate, the energy price, and the storage dry matter loss of compact switchgrass
bale produce significant impacts on the total logistic costs of switchgrass for the biorefinery. The
total logistic cost of each system increased as available hay land for switchgrass production
decreased. Also, a larger switchgrass draw area was required to harvest sufficient feedstock for
the biorefinery. When the switchgrass-ethanol conversion rate increased, the switchgrass draw
area shrank correspondingly because fewer tons of feedstock and less acreage of croplands were
needed. Consequently, the total logistic cost of each system decreased. Additionally, the total
logistic cost of each system showed a positive relationship with the fuel price, but the
switchgrass draw area did not change much. When the storage dry matter loss of compact
switchgrass bale increased, the logistic cost of the preprocessing scenario system increased
accordingly while that of the baseline scenario systems remained. The stretch-wrap bale system
maintained its cost advantage over the conventional logistic systems under various levels of
available hay land, switchgrass-ethanol conversion rates, energy prices, and storage dry matter
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loss of compact bale. The optimal location of the biorefinery remained constant in the baseline
scenario systems while it varied in the stretch-wrap bale system.
A limitation of this analysis is that only road network and trucking modes were
considered for switchgrass transportation. There is also the potential to utilize rail services at
preprocessing facilities to improve the switchgrass logistic and social costs (e.g. gas emissions,
traffic congestion, etc.) if the amount of biomass feedstock increases. Another limitation of this
study is that the ethanol conversion rates of different types of switchgrass feedstock were
assumed to be the same. Future studies should evaluate the impact of switchgrass feedstock type
on the ethanol yield and the total logistic cost. Also, some recent studies suggested other
preprocessing techniques could potentially ease the transportation and handling costs and
maintain the feedstock quality. In future studies, we may consider evaluating the economic value
of alternative preprocessing treatment in the switchgrass supply logistics.
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Table 1. Logistic Operations by Harvest Method

Round Bale

Harvest

Transportation
(to preprocessing
facility)

Preprocessing

1 mow
2 rake
3 bale (round baler)
-

Square Bale

Stretch-Wrap Bale Technology

1 mow
2 rake
3 bale (square baler)

1 chop (chopper w/rotary header)

-

-

2 transport (tandem-axle truck)

-

-

3 dump in holding area

-

-

4 front-end load into conveyer

-

-

5 compact/bale/wrap

4 front-end load to storage

4 front-end load to storage

6 front-end load to storage

5 store on fields

5 store on fields

7 store in preprocessing facilities

6 front-end load to trailer

6 front-end load to trailer

8 front-end load to trailer

7 transport (semi-truck trailer)

7 transport (semi-truck trailer)

9 transport (semi-truck trailer)

Storage

Transportation
(to biorefinery)
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Table 2. Definitions of Variables, Parameters and Subscripts in Baseline Scenario
Variables/
Parameters/
Subscripts
Variables
A
AH

Unit

acre
acre

XC
XH

ton
ton

XTN

ton

NXS

ton

XS
XTO

ton
ton

Numb
Q

gal/mon

Definition

acres of switchgrass produced annually
acres of switchgrass harvested monthly from November to
February
tons of switchgrass produced annually
tons of switchgrass harvested monthly from November to
February
tons of switchgrass transported directly to the biorefinery after
harvest from November to February
tons of switchgrass newly stored monthly from November to
February
tons of switchgrass stored monthly from November to October
tons of switchgrass transported from storage to the biorefinery
from March to October

number of equipment used in harvest
quantity of ethanol produced in each month

Parameters
BEP

$/acre

aa
y
DMLhar
DMLstor
DMLtrans
mtb
avehour
rateava

acre
$/acre
%
%
%
hour/acre
hour

λ
CapUnit
Dd

gal/ton
gal/yr
gal/mon

Subscripts
m
i
j
p
b
t

breakeven price of planting switchgrass as alternative of
traditional crops
cropland available in each hexagon for each crop
switchgrass yield in each hexagon
dry matter loss during harvest
dry matter loss during storage
dry matter loss during transportation
machine time per acre for each machinery
available average working hours of machinery in each month
ratio of harvest machine working hours in each month to total
machine working hours
switchgrass-ethanol conversional rate
annual capacity of a biorefinery
monthly demand for ethanol
month
locations of switchgrass production field
location of the biorefinery
crops (hay, corn, soybean, wheat)
harvest method (square baler, round baler)
storage protection method
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Table 3. Five Switchgrass Logistic Systems in Baseline Scenario

logistic system
switchgrass that
transported to the
biorefinery without
storage during
harvest season
switchgrass that
transported to the
biorefinery from
storage during offharvest season
Storage cost (
($/ton)

)

Round Bale
System

Square Bale
System

RoundTP

SquareTP

MixedTP

MixedNG

MixedTG

round bale,
no protection

square bale,
no protection

square bale,
no protection

square bale,
no protection

square bale,
no protection

round bale,
tarp,
pallet

square bale,
tarp,
pallet

round bale,
tarp,
pallet

round bale,
non-tarp,
ground

round bale,
tarp,
ground

$ 8.08

$ 6.66

$ 8.08

$ 0.00

$4.01
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Mixed Bale System

Table 4. Definitions of Variables, Parameters and Subscripts in Preprocessing Scenario
Variables/
Parameters/
Subscripts
Variables
A
AH

Unit

acre
acre

Definition

acres of switchgrass produced annually
acres of switchgrass harvested monthly from November to
February
tons of switchgrass produced annually
tons of switchgrass harvested monthly from November to
February
tons of switchgrass transported directly to the biorefinery
after harvest from November to February
tons of switchgrass newly stored in facility after being
preprocessed from November to February
tons of switchgrass transported from preprocessing facilities
to the biorefinery from March to October

XC
XH

ton
ton

XTN

ton

NXSP

ton

XTP

ton

Numc
CapUnit
Q
OPF

gal/yr
gal/mon

annual capacity of a biorefinery
quantity of ethanol produced in each month
location of preprocessing facilities

$/acre

breakeven price of planting switchgrass as alternative of
traditional crops
cropland available on in each hexagon
number of preprocessing facilities
dry matter loss during harvest
dry matter loss during transportation
fixed cost of a preprocessing facilities
variable cost of preprocessing per ton switchgrass
machine time per acre for chopper machinery
available average working hours of machinery in each
month
switchgrass-ethanol conversional rate
monthly demand for ethanol
monthly maximum capacity of each facility
transportation cost per ton from field to the biorefinery
transportation cost per ton from facilities to the biorefinery
transportation cost per ton from field to facilities

Parameters
BEP

number of chopper equipment used in harvest

aa
NumbPF
DMLhar
DMLtrans
FCP
VCP
mtc
avehour

acre

λ
Dd
MonCapPF
θ1
θ2
θ3

gal/ton
gal
ton/mon
$/ton
$/ton
$/ton

Subscripts
m
i
z
j
p

%
$
$/ton
hour/acre
hour

month
locations of switchgrass production field
location of preprocessing facilities
location of the biorefinery
crop (hay, corn, soybean, wheat)
81

Table 5. Values of Parameters in Sensitivity Analysis for 25 MGY Case
Parameter

Description

PAS

percentage of hay
land available for
planting
switchgrass

Lambda

switchgrass-toethanol
conversion rate

Pfuel

diesel fuel price

Unit

Benchmark
Value

Value Range
of Simulation

%

50%

10%
20%
30%
40%

gal/ton

76

81
91
100

2.75

-20%
-10%
+10%
+20%

$/gal
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Table 6. Crop Prices and Diesel Fuel Price Correlations

Period

Correlation type

Correlation

Jan 2004 –
April 2011

corn-diesel
soybean-diesel
wheat-diesel
hay-diesel

0.75
0.61
0.74
0.73
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Table 7. Crops and Fuel Prices for Sensitivity Analysis
Price
Item
Corn
Soybean
Wheat
Hay
Diesel Fuel

Unit
$/bushel
$/bushel
$/bushel
$/ton
$/gallon

Benchmark
Value
4.85
11.60
5.15
75.00
2.75

Alternative Values for Sensitivity Analysis
-20%
-10%
+10%
+20%
4.12
4.49
5.21
5.58
10.18
10.89
12.31
13.02
4.39
4.77
5.53
5.91
64.05
69.53
80.48
85.95
2.20
2.48
3.03
3.30
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Table 8. Outputs of Baseline Scenario Models for the 25MGY Case

logistic system
Harvest Season
Off-harvest Season

Round Bale
System

Square Bale
System

RoundTP

SquareTP

Mixed Bale System
MixedTP

MixedNG

MixedTG

round bale,

square bale,

square bale,

square bale,

square bale,

no protection

no protection

no protection

no protection

no protection

round bale,

square bale,

round bale,

round bale,

round bale,

tarp, pallet

tarp, pallet

tarp, pallet

non-tarp, ground

tarp, ground

Rank of Optimal System

5

3

4

1

2

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

24,777,532

23,468,531

23,814,770

22,292,398

22,875,802

Production Cost ($)

4,380,030

4,830,230

4,378,450

4,464,630

4,378,450

Harvest Cost ($)

12,973,690

12,572,820

12,461,960

12,718,080

12,461,960

Storage Cost ($)

1,881,202

1,789,048

1,881,202

0.00

942,234

Transportation Cost ($)

5,542,611

4,276,433

5,093,158

5,109,688

5,093,158

Total Logistic cost ($/ton)

75.32

71.34

72.40

67.77

69.54

Production Cost ($/ton)

12.63

12.61

12.62

12.62

12.62

Harvest Cost ($/ton)

37.40

32.82

35.93

35.95

35.93

Storage Cost ($/ton)

8.08

6.66

8.08

0.00

4.01

16.51

12.74

15.17

15.22

15.17

346,881

383,041

346,881

353,738

346,881

11,221

47,380

11,221

18,077

11,221

Transportation Cost ($/ton)
Total Harvested Tonnage of
Switchgrass (ton)
Storage Dry Matter
Losses (ton)
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Table 9. Output of Preprocessing Scenario System for the 25 MGY Case

Stretch-Wrap
Bale System
logistic system
Annual Capacity of Ethanol

COMPB
25MGY

Optimal Location of the Biorefinery
(ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

438
19,691,960
4,236,037
3,886,652
5,277,445
*
6,291,826

Total Logistic cost ($/ton)
Production Cost ($/ton)
Harvest Cost ($/ton)
Preprocessing Cost ($/ton)
Storage Cost ($/ton)
Transportation Cost ($/ton)

59.86
12.62
11.58
24.07
*
18.74

Total Harvested Tonnage of
Switchgrass (ton)

335,661

Storage Dry Matter Loss (ton)

0

* The storage cost is included in the preprocessing cost

86

Table 10. Output of Systems in the Baseline and Preprocessing Scenarios for the 50 MGY Case

logistic system
Annual Capacity of Ethanol
Rank of Optimal System

Round Bale
System

Square Bale
System

Stretch-Wrap
Bale System

RoundTP

SquareTP

MixedTP

MixedNG

MixedTG

COMPB

50MGY

50MGY

50MGY

50MGY

50MGY

50MGY

Mixed Bale System

6

4

5

2

3

1

438

438

438

438

438

438

Production Cost ($)

51,167,800
8,784,030

48,347,390
9,701,260

49,118,510
8,783,960

46,109,160
8,957,620

47,240,580
8,783,960

40,520,900
8,492,213

Harvest Cost ($)

25,962,170

25,173,870

24,939,890

25,453,770

24,939,890

7,950,421

Optimal Location of the
Biorefinery (ID)
Total Logistic Cost ($)

Preprocessing Cost ($)

n/a

n/a

n/a

n/a

n/a

9,934,083

3,762,403

3,578,097

3,762,403

0

1,884,468

*

12,659,190

9,894,167

11,632,260

11,697,770

11,632,260

14,144,183

Total Logistic cost ($/ton)

77.78

73.49

74.66

70.09

71.81

61.59

Production Cost ($/ton)

12.66

12.66

12.66

12.66

12.66

12.65

Harvest Cost ($/ton)

37.42

32.86

35.95

35.98

35.95

11.84

n/a

n/a

n/a

n/a

n/a

22.65

Storage Cost ($)
Transportation Cost ($)

Preprocessing Cost ($/ton)
Storage Cost ($/ton)
Transportation Cost ($/ton)
Total Harvested Tonnage of
Switchgrass (ton)
Storage Dry Matter Loss
(ton)

8.08

6.66

8.09

0

4.05

*

18.86

14.74

17.33

17.42

17.33

21.07

693,763

766,082

693,763

707,476

693,763

671,321

22,442

94,761

22,442

36,155

22,442

0

* The storage cost under the preprocessing system is included in the preprocessing cost
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Table 11. Output of Sensitivity Analysis on PAS for the Systems in Baseline Scenario

PAS
value

10%

30%

40%

Square
Bale
System

RoundTP

SquareTP

Mixed Bale System
MixedTP

MixedNG

MixedTG

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

27,410,030

26,386,140

26,324,700

24,915,060

25,385,730

5,514,510

6,646,190

5,514,330

5,716,220

5,514,330

Harvest Cost ($)

12,989,460

12,594,570

12,478,770

12,736,090

12,478,770

Storage Cost ($)

1,881,202

1,789,048

1,881,202

0

942,234

Transportation Cost ($)

7,024,855

5,356,325

6,450,397

6,462,758

6,450,397

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

25,869,690

24,432,040

24,825,790

23,328,230

23,886,820

Production Cost ($)

4,439,820

4,876,990

4,423,190

4,521,050

4,423,190

Harvest Cost ($)

12,984,430

12,591,680

12,473,530

12,730,920

12,473,530

Storage Cost ($)

1,881,202

1,789,048

1,881,202

0

942,234

Transportation Cost ($)

6,564,236

5,174,320

6,047,868

6,076,263

6,047,868

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

25,281,420

23,908,580

24,280,130

22,769,090

23,341,170

Production Cost ($)

4,396,400

4,849,230

4,394,430

4,481,130

4,394,430

Harvest Cost ($)

12,978,030

12,580,260

12,465,890

12,722,680

12,465,890

Storage Cost ($)

1,881,202

1,789,048

1,881,202

0

942,234

Transportation Cost ($)

6,025,787

4,690,044

5,538,612

5,565,273

5,538,612

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

24,969,260

23,635,000

23,991,050

22,473,430

23,052,080

Production Cost ($)

4,383,460

4,836,300

4,380,360

4,466,740

4,380,360

Harvest Cost ($)

12,973,280

12,575,440

12,461,590

12,717,990

12,461,590

Storage Cost ($)

1,881,202

1,789,048

1,881,202

0

942,234

Transportation Cost ($)

5,731,322

4,434,213

5,267,902

5,288,702

5,267,902

Production Cost ($)

20%

Round
Bale
System
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Table 12. Output of Sensitivity Analysis on PAS for the System in Preprocessing Scenario
Preprocessing Scenario
COMPB System

PAS Value

10%

20%

30%

40%

Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)
Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)
Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)
Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

* The storage cost is included in the preprocessing cost
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287
23,487,557
5,370,569
4,624,561
5,277,445
*
8,214,981
316
21,482,715
4,262,889
4,056,350
5,277,445
*
7,886,030
405
20,604,576
4,229,323
4,003,644
5,277,445
*
7,094,164
405
20,050,151
4,225,967
3,928,563
5,277,445
*
6,618,176

Table 13. Output of Sensitivity Analysis on Lambda for the Systems in Baseline Scenario

Lambda

81

91

100

Round
Bale
System

Square
Bale
System

RoundTP

SquareTP

Mixed Bale System
MixedTP

MixedNG

MixedTG

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

23,202,330

21,979,490

22,302,680

20,873,240

21,421,670

Production Cost ($)

4,109,050

4,532,720

4,106,720

4,187,850

4,106,720

Harvest Cost ($)

12,173,220

11,797,540

11,693,280

11,933,940

11,693,280

Storage Cost ($)

1,765,078

1,678,613

1,765,078

0

884,071

Transportation Cost ($)

5,154,985

3,970,611

4,737,597

4,751,450

4,737,597

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

20,587,840

19,505,920

19,792,240

18,517,920

19,008,050

Production Cost ($)

3,655,660

4,035,380

3,655,370

3,727,570

3,655,370

Harvest Cost ($)

10,835,840

10,502,180

10,408,580

10,622,790

10,408,580

Storage Cost ($)

1,571,113

1,494,150

1,571,113

0

786,921

Transportation Cost ($)

4,525,224

3,474,206

4,157,180

4,167,562

4,157,180

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

18,692,740

17,713,440

17,971,930

16,811,040

17,258,310

Production Cost ($)

3,325,973

3,671,981

3,325,955

3,391,454

3,325,955

Harvest Cost ($)

9,860,337

9,557,009

9,471,535

9,666,186

9,471,535

Storage Cost ($)

1,429,713

1,359,677

1,429,713

0

716,098

Transportation Cost ($)

4,076,708

3,124,775

3,744,726

3,753,395

3,744,726
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Table 14. Output of Sensitivity Analysis on Lambda for the System in Preprocessing
Scenario
Preprocessing Scenario

Lambda (gal/ton)

81

COMPB System

Optimal Location of the Biorefinery (ID)
Total Harvested Tonnage (ton)
Total Logistic Cost ($)

18,577,241

Production Cost ($)

3,974,553

Harvest Cost ($)

3,651,551

Preprocessing Cost ($)

5,104,963

Storage Cost ($)

*

Transportation Cost ($)
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5,846,175

Optimal Location of the Biorefinery (ID)
Total Harvested Tonnage (ton)

438
280,332

Total Logistic Cost ($)

16,070,474

Production Cost ($)

3,537,789

Harvest Cost ($)

3,230,479

Preprocessing Cost ($)

4,196,053

Storage Cost ($)

*

Transportation Cost ($)

100

405
314,941

5,106,154

Optimal Location of the Biorefinery (ID)
Total Harvested Tonnage (ton)

405
255,102

Total Logistic Cost ($)

14,704,790

Production Cost ($)

3,219,388

Harvest Cost ($)

2,937,660

Preprocessing Cost ($)

3,986,026

Storage Cost ($)

*

Transportation Cost ($)

4,561,716

* The storage cost is included in the preprocessing cost
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Table 15. Output of Sensitivity Analysis on Pfuel for the Systems in Baseline Scenario
Pfuel
Percentage
change

-20%
($2.20
/gal)

-10%
($2.48
/gal)

+10%
($3.03
/gal)

+20%
($3.30
/gal)

Round
Bale
System

Square
Bale
system

RoundTP

SquareTP

Mixed Bale System

MixedTP

MixedNG

MixedTG

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

23,373,700

22,339,230

22,523,970

20,991,110

21,580,070

Production Cost ($)

4,371,760

4,825,860

4,371,640

4,457,910

4,371,640

Harvest Cost ($)

12,237,700

11,967,040

11,786,370

12,028,080

11,786,370

Storage Cost ($)

1,874,481

1,782,622

1,874,481

0

930,578

Transportation Cost ($)

4,889,764

3,763,701

4,491,485

4,505,125

4,491,485

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

24,095,370

22,921,390

23,188,380

21,651,690

22,237,830

Production Cost ($)

4,377,360

4,830,560

4,376,800

4,462,440

4,376,800

Harvest Cost ($)

12,612,470

12,275,740

12,130,510

12,379,420

12,130,510

Storage Cost ($)

1,887,053

1,794,634

1,887,053

0

936,500

Transportation Cost ($)

5,218,487

4,020,462

4,794,015

4,809,826

4,794,015

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

25,518,130

24,067,910

24,497,650

22,953,580

23,534,050

Production Cost ($)

4,380,030

4,832,030

4,380,020

4,466,170

4,380,020

Harvest Cost ($)

13,348,350

12,881,750

12,806,040

13,069,510

12,806,040

Storage Cost ($)

1,911,751

1,818,252

1,911,751

0

948,156

Transportation Cost ($)

5,878,001

4,535,878

5,399,836

5,417,895

5,399,836

Optimal Location of the
Biorefinery (ID)

438

438

438

438

438

Total Logistic Cost ($)

26,220,780

24,635,390

25,144,840

23,597,110

24,174,835

Production Cost ($)

4,387,950

4,842,550

4,387,960

4,474,140

4,387,960

Harvest Cost ($)

13,709,820

13,179,790

13,137,860

13,408,530

13,137,860

Storage Cost ($)

1,923,877

1,829,857

1,923,877

0

953,866

Transportation Cost ($)

6,199,133

4,783,196

5,695,149

5,714,442

5,695,149
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Table 16. Output of Sensitivity Analysis on Pfuel for the System in Preprocessing Scenario
Preprocessing Scenario
COMPB System

Pfuel Percentage Change

-20%
($2.20/gal)

Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

421
18,751,841
4,229,323
3,712,142
5,119,122
*
5,691,254

-10%
($2.48/gal)

Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

438
19,178,205
4,236,037
3,764,585
5,198,284
*
5,979,300

+10%
($3.03/gal)

Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

315
20,065,457
4,239,393
3,970,901
5,356,607
*
6,498,556

+20%
($3.30/gal)

Optimal Location of the Biorefinery (ID)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

438
20,464,669
4,246,106
4,148,766
5,435,769
*
6,634,028

* The storage cost is included in the preprocessing cost
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Table 17. Output of Sensitivity Analysis on SDMLC for the System in Preprocessing
Scenario
Preprocessing Scenario
COMPB System

SDMLC Value

1/3 of Storage
Dry Matter
Loss of Round
Bale with
Protection

Optimal Location of the Biorefinery (ID)
Total Harvested Tonnage (ton)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

19,812,783
4,286,255
3,947,930
5,327,134
*
6,251,463

2/3 of Storage
Dry Matter
Loss of Round
Bale with
Protection

Optimal Location of the Biorefinery (ID)
Total Harvested Tonnage (ton)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

420
343,131
20,027,352
4,330,308
3,979,092
5,370,721
*
6,347,230

Full level of
Storage Dry
Matter Loss of
Round Bale
with Protection

Optimal Location of the Biorefinery (ID)
Total Harvested Tonnage (ton)
Total Logistic Cost ($)
Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

405
346,187
20,161,043
4,368,880
4,026,216
5,408,887
*
6,357,060

* The storage cost is included in the preprocessing cost
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405
339,640

Preprocessing facilities

Fields
Biomass
Production

Harvest and
Collection

1

Biorefinery
Biomass
conversion

3

Preprocessing
(optional)

2

Harvest Season

Off-harvest
Season

Transportation

Storage
(Optional)

Logistic Cost

Figure 1. Conceptual Framework of Biomass Supply Logistic System
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Figure 2. Study Area of 13 Counties in East Tennessee in Hexagon Level
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Field

annual tonnage required
by the biorefinery

Harvest Methods

Large Round
Bale

Chopped
Switchgrass

Large Square
Bale

Pre-storage
(chopped switchgrass)

storage
Pre-Processing
Facility
Stretch-wrap Baling
Technology

Storage
(compactor bales)

Biorefinery
Capacity: 25 / 50 Millon Gallon per Year

Figure 3. Tree Diagram of Logistic Cost Calculation
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Total Logistic Cost

$25,000,000

$ 24,777,532
$ 23,468,531

$ 23,814,770
$ 22,292,398

$22,875,802

$20,000,000
$15,000,000

transportation cost
storage cost

$10,000,000

harvest cost
Production cost

$5,000,000
$0
RoundTP

SquareTP MixedTP MixedNG
Five Logistic Systems

MixedTG

Figure 4. Summary of Costs by Logistic Flow under Each Baseline Scenario System for the
25 MGY Case
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(a)

(b)

Figure 5. Monthly Harvest Schedule of Switchgrass under MixedNG System for the 25 MGY Case
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Switchgrass Harvested in Each Month by Baler Type
(tons)

120,000
100,000

84,150

80,000

54,910

51,279

51,512

27,972

27,972

60,000
40,000
20,000

27,972

27,972

November

December
Janurary
Harvest Month

February

Harvested by the Large Round Baler, 25 MGY Case
Harvested by the Large Square Baler, 25 MGY Case

Figure 6. Tonnage of Switchgrass Harvested in Each Month by Baler Type under the
MixedNG System for the 25 MGY Case
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Figure 7. Harvest and Preprocessing Schedule of Switchgrass under the COMPB System
for the 25 MGY Case
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Switchgrass Harvested in Each Month
(tons)

100,000

89,948
85,224

84,157
76,332

80,000
60,000
40,000
20,000
0
November

December

Janurary

February

COMPB System, Preprocessing Scenario

Figure 8. Tonnage of Switchgrass Harvested in Each Month under the COMPB System for
the 25 MGY Case
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$ 24,777,532

Estimated Total Logistic Cost ($)

25,000,000
20,000,000

$ 22,292,398

$ 23,468,531

MixedNG

SquareTP

$ 19,691,960

15,000,000
10,000,000

5,000,000
COMPB

RoundTP

Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

Figure 9. Comparison of Costs by Logistic Flow under Selected Systems in the Baseline and
Preprocessing Scenarios for the 25 MGY Case
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100%
98%
96%
94%
92%
90%
88%
MixedNG, 25 MGY

COMPB, 25 MGY

MixedNG, 50 MGY

COMPB, 50 MGY

Percentage of Acreage Converted from Wheat Land
Percentage of Acreage Converted from Soybean Land
Percentage of Acreage Converted from Corn Land
Percentage of Acreage Converted from Hay Land

Figure 10. Percentage Structure of Traditional Croplands Converted under the 25 MGY
and 50 MGY Cases
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$85

$80
$50,000,000
$75
$40,000,000

$70

$30,000,000

$65
$60

$20,000,000
$55
$10,000,000

$50
RoundTP

SquareTP

MixedTP

MixedNG

MixedTG

Estimated Lgistic Cost per Ton ($/ton)

Estimated Total Logistic Cost ($)

$60,000,000

COMPB

Estimated Total Logistic Cost ($), 25 MGY
Estimated Total Logistic Cost ($), 50 MGY
Estimated Logistic Cost per Ton ($/ton), 25 MGY
Estimated Logistic Cost per Ton ($/ton), 50 MGY

Figure 11. Estimated Total Logistic Cost for 25 MGY and 50 MGY Capacity of a
Biorefinery
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(a)

(b)

Figure 12. Monthly Harvest Schedule of Switchgrass under the MixedNG System for the 50 MGY Case
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Switchgrass Harvested in Each Month
by Baler Type (tons)

250,000
168,301

200,000

109,820

150,000

102,558

103,023

100,000

50,000

55,943

55,943

55,943

55,943

November

December

Janurary

February

Harvested by the Large Round Baler, 50 MGY Case
Harvested by the Large Square Baler, 50 MGY Case

Figure 13. Tonnage of Switchgrass Harvested in Each Month by Baler Type under the
MixedNG System for the 50 MGY Cass
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Figure 14. Harvest and Preprocessing Schedule of Switchgrass under the COMPB System
for the 50 MGY Case
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Switchgrass Harvested in Each Month (tons)

200,000
168,443

168,276

166,158

168,443

Janurary

February

160,000

120,000

80,000

40,000

November

December

COMPB System, Preprocessing Scenario

Figure 15. Tonnage of Switchgrass Harvested in Each Month under the MixedNG System
for the 50 MGY Case
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$50,000,000

$ 46,109,160
$ 40,520,900

$40,000,000

$30,000,000

$20,000,000

$10,000,000

$0
MixedNG

COMPB
50 MGY Case

Production Cost ($)
Harvest Cost ($)
Preprocessing Cost ($)
Storage Cost ($)
Transportation Cost ($)

Figure 16. Comparison of Costs by Logistic Flow under the MixedNG and COMPB
Systems for the 50 MGY Case
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Estimated Total Logistic Cost

$28,000,000

$27,000,000
$26,000,000
$25,000,000

RoundTP

$24,000,000

SquareTP

$23,000,000

MixedTP

$22,000,000

MixedNG
MixedTG

$21,000,000

COMPB
$20,000,000
$19,000,000
10%
20%
30%
40%
50%
PAS, Percentage of Hay Land Available for Planting Switchgrass

Figure 17. Estimated Total Logistic Costs for Alternative PAS Values
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(a)

(c)

PAS = 10%

(b)

PAS = 30%

(d)

PAS=20%

PAS=40%

Figure 18. Switchgrass Draw Area for Alternative PAS Value under the MixedNG System
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40,000

$78
$76

76

$74
35,000

$72
71

30,000

$70
69
68

25,000

68

$68
$66

20,000

$64

15,000

Estimated Totoal Logistic Cost per ton
of the MixedNG System ($/ton)

Acreage of Traditional Cropland
Converted (acre)

45,000

$62
10%
20%
30%
40%
50%
PAS, Percentage of Hay Land Available for Planting Switchgrass

Acreage Converted from Wheat Land (acre)
Acreage Converted from Soybean Land (acre)
Acreage Converted from Corn Land (acre)

Acreage Converted from Hay Land (acre)
Estimated Total Logistic Cost per ton of the MixedNG System ($/ton)

Figure 19. Acreage of Traditional Cropland Converted and Estimated Total Logistic Cost
per Ton for Alternative PAS Value under the MixedNG System
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(a)

(c)

PAS = 10%

(b)

PAS = 30%

(d)

PAS=20%

PAS=40%

Figure 20. Switchgrass Draw Area for Alternative PAS Value under the COMPB System
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Cost Difference Between the MixedNG
System and the COMPB System ($)

$3,000,000
2,600,440
2,423,279

$2,500,000
2,164,514

$2,000,000
$1,500,000

1,845,515
1,427,503

$1,000,000
$500,000
$0
10%

20%

30%

40%

50%

Figure 21. Cost Difference between the MixedNG System and the COMPB System for
Alternative PAS Value
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Estimated Total Logistic Cost ($)

$26,000,000
$24,000,000
$22,000,000

RoundTP
SquareTP

$20,000,000

MixedTP
MixedNG

$18,000,000

MixedTG
$16,000,000

COMPB

$14,000,000
76
81
91
100
Lamda, switchgrass-to-ethanol conversion rate in gallon/ton

Figure 22. Estimated Total Logistic Costs for Alternative Lambda Value
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(a) Lambda = 81 gallons per ton

(b) Lambda = 91 gallons per ton

(c) Lambda = 100 gallons per ton

Figure 23. Switchgrass Draw Area for Alternative Lambda Value under the MixedNG
System
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40,000

$23,000,000

36,000

68

$22,000,000
1,314

$21,000,000

68
32,000

28,000

$20,000,000

1,251
20

$19,000,000
1,192
20

37,248
34,980
31,097

$18,000,000

$17,000,000
28,239

24,000

Estimated Total Logistic Cost ($)

Acreage of Traditional Cropland
Converted (acre)

1,432

$16,000,000
20,000

$15,000,000
76

81

91

100

Lamda, switchgrass-to-ethanol conversion rate in gallon/ton
Acreage Converted from Wheat Land (acre)
Acreage Converted from Soybean Land (acre)
Acreage Converted from Corn Land (acre)
Acreage Converted from Hay Land (acre)
Estimated Total Logistic Cost of MixedNG System ($)

Figure 24. Acreage of Traditional Cropland Converted and Estimated Total Logistic Cost
for Alternative Lambda Value under the MixedNG System
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(a) Lambda = 81 gallons per ton

(b) Lambda = 91 gallons per ton

(c) Lambda = 100 gallons per ton

Figure 25. Switchgrass Draw Area for Alternative Lambda Value under the COMPB
System
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$3,000,000
2,600,440
2,447,446

$2,500,000

2,295,999
2,106,250

$2,000,000
$1,500,000
$1,000,000
$500,000
$0
76

81

91

100

Cost Difference Between the MixedNG System and the COMPB System

Figure 26. Cost Difference between the MixedNG System and the COMPB System for
Alternative Lambda Value
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Estimated Total Logistic Cost ($)

$28,000,000

$26,000,000

RoundTP

$24,000,000

SquareTP
MixedTP
$22,000,000

MixedNG
MixedTG
COMPB

$20,000,000

$18,000,000
-20%

-10%
0%
10%
Percentage Change of Diesel Fuel Price

20%

Figure 27. Estimated total Logistic Costs for Alternative Diesel Fuel Prices

121

(a)

Pfuel = -20%

(c)

Pfuel = +10%

(b)

(d)

Pfuel= -10%

Pfuel= +20%

Figure 28. Switchgrass Draw Area for Alternative Pfuel Value under the MixedNG System
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75.00
71.74

38,500

70.00

69.78

38,000

67.77
65.82

37,500

65.00

63.81

37,000

60.00

36,500

55.00
36,000
35,500

50.00
-20%
($2.20/gal )

-10%
($2.48/gal)

0%
($2.75/gal)

+10%
($3.03/gal)

+20%
($3.30/gal)

Estimated Total Logistic Cost perTton ($/ton)

Acreage of Traditional Cropland
Converted (acre)

39,000

Percentage Change of Diesel Fuel Price (Pfuel)

Acreage Converted from Wheat Land (acre)
Acreage Converted from Soybean Land (acre)
Acreage Converted from Corn Land (acre)
Acreage Converted from Hay Land (acre)

Estimated Total Logistic Cost per ton of the MixedNG System ($/ton)

Figure 29. Acreage of Traditional Crops Converted and Estimated Total Logistic Cost for
Alternative Pfuel Value under the MixedNG system
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(a)

(c)

Pfuel = -20%

Pfuel = +10%

(b)

Pfuel= -10%

(d)

Pfuel= +20%

Figure 30. Switchgrass Draw Area for Alternative Pfuel Value under the COMPB System
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3,500,000
3,132,441
2,888,123

3,000,000
2,600,440

2,500,000

2,473,485
2,239,269

2,000,000
1,500,000
1,000,000
500,000
-20%

-10%

0%

10%

20%

Cost Difference Between the MixedNG System and the COMPB System

Figure 31. Cost Difference between the MixedNG System and the COMPB System for
Alternative Pfuel Value
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(b) SDMLC = 1/3 Storage Dry Matter
Loss of Round Bale with Protection

(b) SDMLC = 2/3 Storage Dry Matter
Loss of Round Bale with Protection

(c) SDMLC = Storage Dry Matter
Loss of Round Bale with Protection
Figure 32. Switchgrass Draw Area for Alternative SDMLC Value under the COMPB
System
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$3,000,000

20.0%
2,600,440

$2,500,000

18.0%

2,479,617
2,265,048

2,131,357

16.0%
14.0%

$2,000,000
11.7%

11.1%

$1,500,000

12.0%
10.2%

9.6%

10.0%
8.0%

$1,000,000

6.0%

4.0%

$500,000

2.0%
$0

0.0%
0

1/3 of Storage Dry
Matter Loss of
Round Bale with
Protection

2/3 of Storage Dry
Matter Loss of
Round Bale with
Protection

Equal Storage Dry
Matter Loss of
Round Bale with
Protection

Cost Difference Between the MixedNG and the COMPB System
Percentage of Cost Saving between the MixedNG and COMPB System

Figure 33. Cost Difference between the MixedNG System and the COMPB System for
Alternative SDMLC Value
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